REMARKS 

Claims 34-36 and 38-54 are pending. Claims 1-33 and 37 are canceled. Claims 34, 
38, 40, 41, 43, 44, 47, 48, 50, 51 and 52 are amended to more closely recite the subject matter 
that the Applicant regards as his invention. Claim 54 is new. 

Claim 34 has been amended by combination with a portion of claim 50, and claim 50 

has been amended by deleting those portions combined with claim 34. Support for the 
amended claims can also be found in the specification at, e.g., Tfll 29-33, 46, 51-53, 58 and 
66.' 

Support for the amendments to claim 38, 40 and 41 can be found in the specification 
respectively: at, e.g., 23 and 76; at, e.g., ^ 68; and at, e.g., ^ 69 and Fig. 5. Support for the 
amendments to claim 47 and also for new claim 54 can be found in the specification at, e.g., 
31-33. Claim 48 has been amended to depend from new claim 54. 

Claims 5 1 and 52 have been amended without change of scope to have proper 
antecedent basis with respect to their amended parent claims 34 and 50. Support for these 
amendments can also be found in the specification at, e.g., TIH 49 and 56. 

Finally, claim 43 has been amended to properly depend from claim 41. 

It is submitted that these amended and new claims introduce no new matter; their 
entry is respectfully requested. 

Interview summary 

The undersigned thanks the Examiner for the thoughtfiil and in-depth interview of 
08/1 1/201 1. In this interview, the Applicant discussed the nature of the invention, how claim 
34 recites the invention, and the Moriceau reference (US 6756286). 

Specifically, the Applicant explained that the spongy transformation of the 

intermediate layer is caused by the extrinsic atoms which were deposited along with that 
layer in the first depositing step. Atoms implanted after deposition of the intermediate layer, 
e.g., by implantation, are not part of the invention. 

This feature is recited in the third step of amended claim 34 by virtue of the limitation 
that "the as-deposited extrinsic atoms or molecules ... [cause] an irreversible formation of 



' AH references to the specification and figures are to US 2008/0038564 A I published February 1 4, 

2008. 
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microbubbles or microcavities in the intermediate layer." The "as-deposited extrinsic atoms 
or molecules" refers of course to the "extrinsic atoms or molecules" deposited in the first 
depositing step. In other words, the "as-deposited" limitation means that the "extrinsic atoms 
or molecules" are necessary and sufficient for the spongy transformation. Other materials 
may be present in the intermediate layer other than the base material and extrinsic atoms, but 
such other materials do not cause the spongy transformation and are not part of the invention. 

The Examiner did not disagree that amended claim 34 is limited to the "extrinsic 
atoms or molecules" that were deposited in the first depositing step, but did request Applicant 
in the response to the pending Office action to point to support in the specification for this 
amendment. ^ 

The Applicant then discussed the Moriceau reference and pointed out that Moriceau 
never describes or suggests that "as-deposited extrinsic atoms or molecules" can cause a 
spongy transformation. The Office Action contends the opposite and cites several portions of 
Moriceau for support. These cited portions describe formation of inclusions, which are 
roughly analogous to the "microbubbles or microcavities" of this invention. Applicant 
submitted that in all cited portions inclusions that are not solid, and thus that might be 
"microbubbles or microcavities," arc formed by implantation. In the only cited portion where 
inclusions are not formed by implantation, they are oxygen precipitates which are solid. 

The Examiner did not disagree with the Applicant's points concerning Moriceau and 
thus that disclosure does not teach "microbubbles or microcavities" as in this invention. 

Claim Objections 

Claims 37, 44 and 47 are objected to for various reasons. 

In response, claim 37 has been canceled; claim 44 has been amended as required; and 
claim 47 has been amended to delete the word "or." 

Claim 47 has been further amended to clarify that preferred intermediate layers can 
comprise "phospho-silicate glasses" or "boro-phospho-silicate glasses." However, preferred 
intermediate layers cannot comprise "boro-silicate glass" alone, that is a glass without any 
phosphorous at all. See the specification at, e.g., 31-33. 



If the Examiner later disagrees that amended claim 34 is limited as described, the Applicant earnestly 
requests the opportunity to correct the amended claim, prior to the issuance of a further Action, in such a manner 
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It is submitted tliat these amendments overcome the rejections, and their withdrawal is 
respectfully requested. 

The invention 

The present invention is directed to fabricating and using multilayer substrates which 
include at least one insulating intermediate layer that becomes spongy is thereby weakened 
by a suitable heat so that the substrates become releasable. 

The characteristics of the intermediate layer are key to the invention, and one 
particularly key characteristic of the intermediate layer is that, upon suitable heat treatment, it 
becomes filled with numerous "microbubbles or microcavities" (referred to herein as a 
"spongy-transformation") and is, therefore, weakened. But even more key is that such a 
spongy-transformation is a built-in property of the intermediate layer that is present in the as- 
deposited intermediate layer. See, e.g., |f 29-33, 46, 51-53, 58 and 66. An intermediate 
layer can, immediately after deposition and without any further processing (i.e., as- 
deposited), undergo a spongy transformation; absolutely no modification of the as-deposited 
intermediate layer (other than by a suitable heat treatment) is contemplated or claimed by this 
invention. Specifically, no implantation of gaseous species is needed, no application of 
stresses, no treatment with various chemicals, in fact, no post-depositional processing of any 
sort. 

Although Applicant submits that the "as-deposited" property of the intermediate layer 
is readily apparent throughout the specification, the interview of August 1 1"' has led 
Applicant to believe it would be useful to present an extended discussion of how the 
specification supports this property. It is submitted that this property is supported: because 
there is no actual description present in the specification, either direct or by inference, that 
teaches one of ordinary skill that implantation into the intermediate layers of this invention is 
necessary for their subsequent spongy transformation; and further, because all descriptions of 
intermediate layers and spongy transformations that are present in the specification clearly 
teach one of ordinary skill that 'the intermediate layer alone is sufficient for a spongy 
transformation. 



that the Examiner agrees that the corrected claim is limited as described. This opportunity would advance 
efficient and compact prosecution of this application. 



In more detail, it is submitted that simply because there is no description of 
implantation into intermediate layers, one of ordinary skill would understand implantation is 
not part of the present invention. It is a long established principle that patent specifications 
need not specifically describe every detail or specifically explicitly exclude all alternatives. It 
follows, therefore, that absence of description of a feature is enough by itself to teach that 
features absence. 

As an example of this principle, Applicant contrasts the present application with one 
of his more significant prior patents, e.g., US patent 5,374,564, that first described and 
claimed that light-ion implantation (preferably H, He or cornbinations thereof) alone can split 
a thin surface layer from a semiconductor substrate upon subsequent heat treatment (because 
of formation of a layer of micro-bubbles). Throughout this prior patent's specification, only 
light-ion implantation is described as a preferred embodiment, and it has, therefore, been 
universally understood as teaching that only light ion implantation alone is sufficient. 
Despite this patent's failure to explicitly exclude other means of splitting surface layers, e.g., 
by deposition of the intermediate layers of this application, no ordinarily skilled artisan has 
ever contended that any such other means, e.g., deposition of intermediate layers, is also 
necessary for splitting. 

Similarly, the present application describes that as-deposited intermediate layers alone 
can undergo a spongy transformation upon subsequent heat treatment; implantation into as- 
deposited intermediate layers is never described. Therefore, analogously to US patent 
5374564, it is submitted the ordinarily skilled artisan understands this application as teaching 
that as-deposited intermediate layers alone are sufficient for a spongy transformation. 
Specifically, it is understood that implantation into intermediate layers, even though not 
explicitly excluded in so many words, is nevertheless not necessary for a spongy 
transformation, is not part of this invention, and can be properly excluded from the claims. 

Next, positive descriptions of intermediate layers and their spongy transformation is 
found primarily in 29-33, 46, 51-53, 58 and 66, and these paragraphs describe that as- 
deposited intermediate layers alone can undergo spongy transformations. Paragraph 29 
states: 



In an embodiment, said intermediate layer includes at least one base 
material having distributed therein atoms or molecules termed extrinsic 
atoms or molecules which differ from the atoms or molecules of the 
base material so that, under the effect of a heat treatment, the 
intermediate layer becomes plastically deformable and the presence of 
the selected extrinsic atoms or molecules in the selected base material 
causes the irreversible formation of micro-bubbles or micro-cavities in 
the intermediate layer . 

The specification, here, makes entirely clear that it is the extrinsic atoms which cause the 
spongy transformation. Subsequent implantation is not described at all, and certainly is not 
described as necessary for the extrinsic atoms to cause the spongy transformation.^ 

Then, paragraphs 51-53 teach, most importantly, how the intermediate layer comes to 

be, that is how the base material and the extrinsic atoms, the latter causing the spongy 
transformation, come to intervene between a substrate and a superstrate. These paragraphs 
state: 

Next, a layer of silicon containing or doped with a high percentage of 
phosphorus and/or boron'* is deposited on the oxidized face 5 of 
superstrate 2 to obtain the intermediate layer 4 composed of a material 
of the phospho-silicate glass (PSG) or boro-phospho-silicate glass 
(BPSG) type. As an example, the percentage of phosphorus in the 
<> material constituting the intermediate layer 4 may be in the range from 

6 to 14. Such a deposit may be produced using known techniques in 
deposition machines of the CVD. LPCVD or PECVD type . The 
thickness of the intermediate layer 4 so constituted may be in the 
region of five microns. 



This teaching is empliasized in 1 46, which states: 

In general, the intermediate layer 4 is fonned from at least one base material having 
distributed therein atoms or molecules termed extrinsic atoms or molecules which differ from 
the atoms or molecules of the base material, and has a composition such that, when a suitable 
heat treatment is applied to-the structure 1, micro-bubbles or micro-cavities , in particular of a 
gaseous phase, are irreversibly formed such that said intermediate layer 4 transforms to 
become spongy and, as a correlation, it is likely to increase in thickness. 

And, it is further reiterated in 1 66, which states: 

regarding the selected materials ... applying such a heat treatment ... causes the irreversible 
formation of a gas phase constituted by micro-bubbles or micro-cavities 7 in the intermediate 
layer and, as a correlation, an increase in the thickness of said layer 4. 

^ Paragraphs 30-33 then teach that the base material comprises silica, that the extrinsic atoms comprise 

phosphorous, and that the extrinsic atoms may also comprise boron. 
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And the specification, here, makes entirely clear that the base material and the extrinsic atoms 
are "deposited on" the face of a substrate. This fact alone rules out implantation, because 
implantation cannot be onto the "face" of substrate but must be into the bulk of a substrate;^ 

Implantation is ruled out even more clearly because the deposition onto the face is 
performed "using known techniques in deposition machines of the CVD, LPCVD or PECVD 

type." It hardly needs stating that "deposition machines" cannot implant; implantation can 
only be performed in machines capable of accelerating ions by voltage on the order of 100 
kev. 

Applicant submits that considerations and observation such as the above make 
entirely clear to those of ordinary skill in the art that implantation into the intermediate layer 
is not part of this invention, and can properly be excluded from the claims 

In view of the above, independent claim 34 recites that this spongy transformation is a 
built-property of the intermediate layer, present immediately in the as-deposited layer, in the 
following manner: 

34. (currently amended) A method for fabricating a structure in the 
form of a plate which method comprises: 

depositing at least one intermediate layer on either of a 
substrate and/or a superstrate wherein the intermediate layer comprises 
at least one base material having distributed therein extrinsic atoms or 
molecules which differ from those of the base material; 

assembling the substrate and the superstrate so that the 
intermediate layer is interposed between the substrate and the 
superstrate to form a structure; and 

applying a heat treatment to the structure in a temperature range 
that causes the intermediate layer to become plastically deformable 
with the as-deposited extrinsic atoms or molecules in the base material 
causing an irreversible formation of microbubbles or microcavities in 
the intermediate layer in a configuration and amount sufficient to 
weaken the intermediate layer. 

In a first step, the intermediate layer is deposited, and, as-deposited, it comprises compounds, 

mixtures or associations (or the like) of at least two constituents, a "base material" and 

"extrinsic atoms or molecules." Claim 34 requires that these two constituents be present in 
the as-deposited layer. No post-depositional processing is needed to, e.g., introduce the 



The present invention does contemplate implantation, but only for thinning a substrate or a superstrate. 
^ 63. Such implantation is only into the substrate or the superstrate. This implantation is not into the 
intermediate layer . 
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"extrinsic atoms or molecules" into the "base material" from outside (such as might occur 
during a subsequent step of implantation of atomic species, or during a subsequent second 
step of deposition, or the like), or to, e.g., actualize, or cause the formation of, "extrinsic 
atoms or molecules" within the base material (such as might occur consequent to the 
application of stresses or the like). 

Then, in a subsequent step, a suitable heat treatment is applied in order to cause the 
"base material" and the "as-deposited extrinsic atoms or molecules" to interact so that the 
intermediate layer undergoes the recited irreversible, spongy-transformation characterized by 
the formation of "microbubbles or microcavities." The "as-deposited extrinsic atoms or 
molecules" are key to this transformation. Claim 34 specifically requires that it is the "as- 
deposited extrinsic atoms or molecules" that actually cause the spongy transformation. 
Stated differently, even if a heat treatment created "microbubbles or microcavities" in some 
hypothetical intermediate layer, if these "microbubbles or microcavities" were not caused by 
the "as-deposited extrinsic atoms or molecules" then this situation is not within claim 34. For 
example, if they were caused by implantation of gaseous ions or atoms, then these 
"microbubbles or microcavities" are not within claim 34. 

With this background, the meaning ofthe language of claim 34 becomes 
unquestionably clear. " The asTdeposited extrinsic atoms or molecules" which the third step 
of claim 34 requires be the cause of the spongfv transformation are indeed the verv same 
"extrinsic atoms or molecules" which were deposited in the first step. In other words, the 
antecedent basis of the phrase "extrinsic atoms or molecules" used in the third step is found 
in the same phrase as it appears in the first step. 

Further properties of the multilayer substrate structures of this invention are recited in 
the dependent claims. Claims 35, 36 and 38 recite that these multilayer substrate structures 
are releasable because of the presence and properties of the intermediate layer (after suitable 
heat treatment). Nothing more is required, e.g., no implantation of gaseous atoms or 
molecules. 

Claims 39, 47, 48 and 54 recite that intermediate layers preferably comprise a glass, 
and more preferably a phospho-silicate glass, and even more preferably a phospho-silicate 
glass having a phosphorous concentration fi-om about 6% up to about 14%. 15-17 and 31- 

33. Boron is a strictly optional component the phospho-silicate glasses of this invention. In 
these claims, boron need not be present at all, as it may be present at a concentration of 0%. 
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If boron is present, its concentration preferably does not exceed about 4%. A boro-silicate 
glass, i.e., a glass without phosphorous, is not included in these claims. 

Claim rejections under 35 USC § 102 

Claims 34-36, 41, 46, 50 and 53 are rejected under 35 U.S.C. § 102(b) as being 
anticipated by International patent publication WO 99/35674 to Moriceau et al. WO 
99/35674 corresponds to US patent no. 6,756,286 (Moriceau) which will be referred to 
herein. 

These rejections are traversed at least because Moriceau does not disclose an 
intermediate layer which, as-deposited, possesses the above-described key characteristics, 
that is comprises "as-deposited extrinsic atoms or molecules" that cause a spongy 
transformation in response to heat treatment. Instead, for Moriceau's materials to form 
"micro-cavities" and to become weakened in response to heat treatment, Moriceau's 
materials require additional post-depositional processing, specifically, they require post- 
depositional "implantation of the said gaseous compounds." Moriceau's describes the 
disclosed process as follows: 

Therefore, the purpose of the invention is a process for the transfer of 
at least one thin film of solid material delimited in an initial substrate, 
characterized in that it comprises the following steps: 

a step in which a layer oF inclusions is formed in the initial 
substrate at a depth corresponding to the required thickness of the thin 
film, these inclusions being designed to form traps for gaseous 
compounds which will subsequently be implanted ; 

a subsequent step for implantation of the said gaseous 

compounds, in a manner to convey the gaseous compounds into the 
layer of inclusions, the dose of implanted gase ous com pounds being 
sufficient to cause the formation of micro-cavilics likely to I'orm a 
fracture plane along which the thin film can be separated from the 
remainder of the substrate. 

Moriceau at col. 3, 11. 1-16. The first step of this process forms inclusions the sole pertinent 

property of which is that they form traps for "gaseous compounds which will subsequently be 

implanted." Then, the second step implants the "gaseous compounds" into the layer of 

inclusions, and it is these implanted "gaseous compounds" that causes "the formation of 

micro-cavities." 

The Moriceau reference is thus twice deficient. It does not describe depositing any 
intermediate layer whatever its properties that intervenes between a substrate and a 
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superstrate. Therefore, it certainly docs not describe depositing any intermediate layer that, 
by itself, and in its as-deposited form," is capable of irreversibly forming "microbubbles or 
microcavities" during a subsequent heat treatment. 

Moriceau is also deficient because it describes forming "micro-cavities" only after 
implantation of gaseous compounds. However, in the present invention, it is "the as- 
deposited extrinsic atoms or molecules" that form the recited "microbubbles or 
microcavities." These "the as-deposited extrinsic atoms or molecules" are not implanted 
after deposition, but are deposited along with the rest of the intermediate layer. 

The current Office action (the Action) does not address the first deficiency, and thus 
cannot establish the prima facie anticipation of the rejected claims. 

The Action does address the second deficiency, and contends to the contrary that 
Moriceau does describe the last step of claim 34. It points to Moriceau at col. 3, 11. 52-65; 
col. 4, 11. 10-13; col. 4, 11. 26-29; col. 8, 11. 60-67; col. 9, 11. 30-46; col. 10, 11. 13-21; col. 12, 
11. 58-64 as allegedly describing this step. But Applicant has carefully studied these portions 
of Moriceau, and indeed the entire Moriceau reference, and submits they, in fact, do not 
disclose the claimed intermediate layer, namely, an intermediate layer which, after 
deposition, can undergo on its own a spongy transformation in the absence of any fiirther 
treatments, such as implantation of gaseous compounds. 

In all but one of these cited portions, Moriceau states that "microcavities" are formed 
by implantation of gaseous species followed by heat treatment. In the remaining cited 
portion, "microcavities" are not actually present. Each of these cited portions is examined in 
the following. First, col. 3, 11. 52-65 describes only that Moriceau's inclusions are formed by 
the "implantation of elements in a substrate layer" and that heat treatment may "modify the 
morphology and/or composition of the inclusions."^ Not only are these inclusions formed by 
implantation, but, even after heat treatment, they are not "microbubbles or microcavities" 
because for the most part they are solid. 

Next, col. 4, 11. 10-13 describes only that a heat treatment can weaken substrates at 
inclusion layers. Immediately prior, Moriceau explains that this weakening is not due to the 
inclusions themselves, but instead is actually due to implanted "gaseous compounds" which 
have become trapped at the inclusion layer. See, e.g., col. 4, 11. 1-3. Thus, taken together. 



All references that appeal- subsequently in this section are to Moriceau. 
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these portions of Moriceau do not teach that the substrates can be weakened solely by an 
inclusion layer to an extent sufficient for their separation. Implantation of gaseous 
compounds is always required. 

Next, col. 8, 11. 60-67 is cited, but col. 8, 11. 53-67 are the relevant lines. These 
relevant lines describe again that inclusions may be formed by implantation of gaseous 

compounds, here implantation of 02. Col. 9, 11. 1-1 0. Again, not only are these inclusions 
also formed by implantation, but they are not even "microbubbles or microcavities" because 
for the most part they are solid. 02 implantation into Si is well known to generate only 
inclusions of solid Si02 particles or a "thin oxide layer.". 

Next, col. 10, 11. 13-21 describes again that, in Moriceau's second step, inclusions 
may be formed by implantation of gaseous compounds. 

Next, col. 12, 11. 58-64 must be understood in the context of col. 12, II. 51-54, So 
understood, these lines merely describe heat treatment conditions suitable to cause splitting 
after implantation of gaseous compounds (not after formation of inclusions alone). 

Finally, the last citation pointed to be the action is col. 9, 11. 30-46. These lines 
describe that inclusions in the form of oxygen precipitates may be formed by heat treatment 
of monocrystalline silicon wafers. This is especially so for wafers obtained by Czochralski 
pulling. The 02 forming these precipitates is not implanted. However, oxygen precipitates 
are well known to be solid Si02 particles, and certainly not to be the recited "microbubbles 
or microcavities." See, e.g., Borghesi et al. 1995, Oxygen precipitates in silicon, ,/. Applied 
Physics 77(9) 4169 (in particular, the first column on page 4170). Further, oxygen 
precipitates formed in Si by heat treatments are scattered throughout the bulk of the Si; they 
not present only in a deposited intermediate layer. 

Taken together, it is clear that Moriceau does not describe or isuggest the claimed 
intermediate layer, which undergoes a spongy transformation caused by "as-deposited 
extrinsic atoms or molecules." Actually, Moriceau throughout, and in particular in the 

portions pointed to by the Action, describes only that "microbubbles or microcavities" can be 
formed only after a step of implantation of Raseous elements . Claims 35, 36, 41, 46, 50 and 
53 (and other claims dependent from claim 34) are submitted to be patentable because they 
are dependent from patentable claim 34. Withdrawal of all the present rejections is 
respectfully requested. 
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Claims 41 and 50 

It is submitted that claims 41 and 50 are patentable for the following additional 
reasons. 

Claim 41 recites in relevant part that "at least some the microbubbles or microcavities 
have a volume such that they are open on both the substrate and superstrate side or 
furthermore are mutually open to constitute channels which are open to the side ends of the 
intermediate layer." The Action rejects this claim, first, by contending that such 
"microbubbles or microcavities" are "implicit." But it is submitted that it cannot be inherent 
that inclusions, which can be as small as "a few tens of nanometers," can span a layer up to 
several micrometers thick, or that nanometer inclusions can overlap sufficiently to form 
channels which extend across an entire several inch substrate. Moriceau at col. 2, II. 31-33. 
Only certain "microbubbles or microcavities" have such characteristics. 

Second, the Action's rejection points to Moriceau at col. 2, II. 31-33; col. 3, II. 37-39 
and 63-65; col. 6, II. 37-40; col. 8, II. 65-67 as support. To the contrary, these portions are 

respectfully submitted not to disclose the substance of claim 41. First, col. 2, 11. 31-33 states 
the "these volumes [of the inclusions] may have a variety of shapes and their dimensions may 
vary from a few tens of nanometers to several hundreds of micrometers." 1 lowcvcr, it has 
already been pointed out that nearly all samples with only nanometer sized inclusions will not 
have the recited characteristics. Further, most of Moriceau's inclusions are solid. Thus, 
again, this portion does not establish that the recited characteristics are inherent in Moriceau. 

The remaining portions of Moriceau pointed to by the Action describe, respectively: 

The layer of inclusions may be formed by a film deposition technique. 
It may then consist of generating columns or generating grains. 



The inclusions layer may also be obtained by heat treatment of the 
film(s) and/or by applying stresses to the film(s) in the film structure. 

Granular growth was provoked inside structure 6 to build up an 
inclusions layer 7 that will be used as a zone of traps for gaseous 
compounds to be implanted. 

Their morphology and size may be modified by heat treatment and/or 
single and/or multiple implantation of the same or a different element. 
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The Applicant cannot discern any disclosure, suggestion or teaching in any of these portions 
that is relevant to the substance of claim 41 . 

Claim 41 is submitted to be patentable for these additional reasons. 

Next, because the substance of previously pending claim 50 now appears in claims 34 
and 50 taken together, for simplicity, Applicant considers claim 50 as it was prior to the 
current amendment when it recited: 

50. The method as claimed in claim 34, which further comprises, prior 
to conducting the heat treatment, carrying out an operation for 
depositing the intermediate layer on either of the substrate or the 
superstrate, and attaching the superstrate or substrate to the 
intermediate layer by molecular wafer bonding. 

It is submitted that the Actions purported rejections of this claim are based on a 

misunderstanding or mischaracterization of Moriceau in view of the claimed substrate 

structure. Very briefly, claim 50 recites a method during which a superstrate and a substrate, 

one of which carries an intermediate layer on its surface, are assembled together to form a 

superstrate-intermediate-layer-substrate structure; and then the intermediate layer in this 

structure is made to undergo a spongy transformation so as to weaken the superstrate- 

intermediate-layer-substrate structure. 

All the portions of Moriceau pointed to by the Action, in fact, describe thin film layer 
transfer and bonding to a support substrate, where the bonding is aided by a bonding layer. 
The Action contends that such a bonding layer is an intermediate layer. But this cannot be 
the case because a bonding layer is for strengthening, not weakening, a structure while the 
intermediate layer of this invention is for weakening, not strengthening, a structure. 

Specifically, the Action points to col. 4, II. 34-41, col. 11, 11. 56-60, and col. 12, 11. 3-6 
and 55-57 for support. But col. 4, 11. 34-41 describes: 

The process may also comprise a step in which the thin film delimited 

in the substrate is put into intimate contact with a support onto which 
the thin film will bond after it has separated fi'om the remainder of the 
substrate. The film may be put into intimate contact directly (for 
example by wafer bonding) or through an added on material . A heat 
treatment step may be used to reinforce the bond between the thin film 
delimited in the substrate and the added on support. 

Here, the "added material" forms a bonding-!} pe layer because it improves bonding between 

the "thin film" and the "support." A bonding-type layer cannot be the recited intermediate 

layer. 
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Next, col. 1 1, 11. 56-60 and col. 12, 11. 3-6 describe, respectively: 



The transfer process designed to obtain a final film structure on a 
support assumes that the initial material is added onto a second support 
during a third step. The contact is made directly by wafer bonding, or 
through a bond layer . 

Thus, in the example of a structure covered with an Si02 film to be 

transferred to a silicon support, a temperature of the order of 200 °C 
will be sufficient to reinforce the wafer bond . 

Here also, these portions describe a "bond layer" or an "Si02 film" for reinforcing bonding. 

Such bonding-type layers cannot be the recited intermediate layer. 

Finally, col. 12, 11. 55-57 describe: 

The surface 35 is then made to bond to a silicon plate by wafer 
bonding reinl'orced by heat treatment at 250 °C for 30 minutes. 

This portion describes no more than wafer bonding reinforced by heat treatment, A bonding- 
type layer is not present. 

Claim 50 is submitted to be patentable for these additional reasons. 

Withdrawal of the rejections of claims 51 and 50 (also 34) is respectfully requested 
for these additional reasons. 

Claim rejections under 35 USC § 103 

Claims 39, 40, 42 and 47-49 are rejected under 35 U.S.C. § 1 03(a) as being 
unpatentable over Moriceau. These rejections are traversed at least because all of these 
claims depend from claim 34 and Moriceau does not make obvious claim 34. 

It is submitted that claims 47, 48 and 54 are patentable for the additional reason that . 
they all require the presence of phosphorous in the intermediate layer, and Moriceau never 
once mentions phosphorous . Applicants submit that it cannot be obvious to add a material 
that is not even mentioned in the cited reference. 

Claim rejections under 35 USC § 103 

Claims 37, 39, 43, 44, 45, 51 and 52 are rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Moriceau in view of one or US patent 5,854,123 to Sato et al. (Sato) or of 
US patent 6,417,075 to Haberger et al. (Haberger). 



These rejections are traversed at least for the following reasons: because all of these 
claims depend from claim 34; because Moriceau does not make obvious claim 34; and 
because Sato and Haberger do not make up for Moriceau's lack of disclosure. 

Indeed the Action does not so contend concerning Sato and Haberger. Sato is relied 
on only for disclosing various means of separating substrates bonded through a porous 
intermediate layer. Haberger is relied on only for disclosing that thiciaiess reduction of a 
substrate/superstrate material is sometimes preferable. 

Withdrawal of all the present rejections is respectfully requested. 



In view of the above amendments and remarks, the applicant respectfully submits that 

the current Office action has been fully and completely responded to and that the application 
is now in condition for allowance. Should the Examiner have any suggestions or find any 
deficiencies in the current paper, a telephone call is respectfully requested to expedite their 
resolution. 



CONCLUSION 



Respectfully submitted, 



Date; August 24, 201 1 
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A review is presented of the recent advances in the study of oxygen precipitation and of the main 
properties of oxide precipitates in silicon. After a general overview of the system "oxygen, in 
silicon," the thermodynamics and the kinetics of the precipitate fonnation are treated in detail, with 
major emphasis on the phenomenology; subsequently, the most important techniques for the 
characterization of the precipitates are illustrated together with the most interesting and recent 
results. Finally, the possible influence of oxygen precipitation on technological appUcations is 
stressed, with particular'attention to recent results regarding device yield. Actually, the essential 
novelty of this review rests on the attempt to give an extended picture of what has been recently 
clarified by. means of highly sophisticated diagnostic methods and of the influence of precipitation 
on the properties of semiconductor devices. © 1995 American Institute of Physics. 



TABLE OF CONTENTS 

I. Introduction , 4170 

n. Oxygen in silicon 4170 

A. Growth processes 4170 

1. Float-zone growth 4170 

2. Czochralski growth 4171 

B. Fundamental properties of isolated oxygen 

atoms in silicon i 4174 

1. Position of isolated oxygen atoms in the 

silicon lattice. 4174 

. 2. Oxygen segregation 4174 

3. Oxygen Solubihty. 4175, 

4. Oxygen diffusivity 4176 

C. Techniques for oxygen content determination. 

in silicon 4179 

1. Infrared spectroscopy. :;:'r:..-^-::;.-^v :;4179 

2. Gas fusion analysis ^ 4182 

3. Secondary ion mass spectrometry 4182 

4. Other methods. : 4183 

in. Thermodynamics and kinetics of precipitate 

fonnation , 4184 

A. Nucleation 4184 

1. Homogeneous strain-free nucleation. 4184 

2. Homogeneous nucleation with stndn 4187 

3. Heterogeneous nucleation 4188 

4. Nucleation in as-grown crystals. . ; . . .• 4190 

B. Precipitation 4190 

1. Spherical precipitates with fixed radius 4191 

2. Spherical precipitates with increasing 

radius 4194 

3- Disc precipitates with varying thickness 4196 



C. Precipitate morphology. ; 4197 

1. ' Precipitate free-energy. 4197 

2. Influence of annealing temperature and 

time.; 4198 

D. Phenomenology 4199 

1. Thermal history effect 4199 

2. Effect, of sijagle-step annealing. 4200 

3. Effect of two-step annealing "4205 

4. Effect of rapid thermal annealing 4206 

5. Effect of dopant and impurities 4206 

IV. Techniques for oxide precipitates 

characterization 4209 

A. Wet chemical etching. . , 4209 

. 1. Etch formulation and application . . 4209 

2. CinystaUographic defects evidenced by 

selective etching 4209 

■ " . 3. Optical microscopy. i . . . . , . 4210 

4. Detectioa.of .SiOj: precipitates. 4212 

B. Transmission electron microscopy 4212 

C. Infrared absorption _ 4215 

1. Indirect precipitate detection ... 4216 

2. Direct precipitate detection. 4216 

D. Small angle neutron scattering 4222 

E. Optical scattering. 4224 

1. Laser scanning tomography .- .4224 

2. Scanning infrared microscopy. 4225 

F. X-ray topography 4226 

1. Transmission topography. 4227 

2. Reflection topography -4228 

V- Technological interest of oxygen precipitation 4229 

A. hifluence of precipitation on the mechanical 

properties of silicon. . 4230 



J.AppI. Phys.77(9), 1 May 1995 0021-8979/95/77{9)/4169/76/$6.00 © 1995 American Institute of Physics 4169 

Downloaded 28 Jul 2011 to 128.59.62.83. Redistribution subject to AlP license or copyright; see http://jap.aip.org/about/rights_and_permissipns 



B. Influence of precipitation on the electrical 

■ properties of silicon 4231 

C. Denuded zone 4233 

D. Influence of precipitation on the device yield: 

some examples : 4236 

I. INTRODUCTION 

Starting from the 1950s, a lot of work has been per- 
formed on the behavior of oxygen in silicon. The growing 
demand to understand and clarify details concerning various 
aspects of this type of impurity-matrix coupling has encour- 
aged the use of more and more sophisticated techniques. 

The recent developinents can be extracted from the enor- 
mous amount of scientific articles in the field, which have 
been stimulated by the new and wide-range silicon-based 
applications, particularly in the direction of very large-scale 
integration (VLSI) and the related integrated circuit process- 
ing. As a matter of fact, Czochralski (Cz) -grown silicon 
single crystals are used to fabricate VLSI devices, due to the 
lower cost witii respect to the float-zone growth technique. In 
the Cz growth process oxygen is incorporated into the silicon 
directly from the silica cracible, as an unavoidable impurity. 
The presence of oxygen in silicon, however, is not to be 
superficially and globally considered just as a drawback, 
since it has effects that are also positive (mainly related to 
intrinsic gettering properties), in addition to the negative 
ones (formation of defects in the active regions related to 
oxygen precipitation). In this connection, one might stress 
that, aiming at the large-scale applications, fabrication of 
dislocation-free single crystals with a low concentration of 
cpntaminants and a not too high level of oxygen is obviously 
an important goal to be reached. 

As a direct consequence, oxygen in silicon represents a 
challenging prototype to study solid-state reactions also from 
a fundamental point of view. Oxygen is incorporated as an 
interstitial impurity or in complexes. It should be stressed 
that at temperatures characteristic of device processing 
(=Sl200 °C) Cz silicon containing oxygen is a supersaturated 
solid solution, since oxygen is incorporated at about 
1400 °C. Looking at Fig. 1 it is evident that the amount of 
oxygen which, at high temperature, gives rise to a solid so- 
lution, at lower temperatures leads to a phase separation be- 
tween silicon and silicon oxide. In other words, at tempera- 
tures lower than 1400 °C the equUibrium state of the Si-O 
system is reached by means of oxygen precipitation, i.e., 
formation of Si02 particles (oxide precipitates) in the silicon 
crystal. The processing temperature (together with other pa- 
rameters such as thermal history and initial oxygen concen- 
tration) plays an essential role in determining the formation 
and the morphology of oxide precipitates: In general, we can 
say that while nucleation is favored in the temperature range 
600-900 °C, precipitate growth is predominant from about 
1000 to 1200 °C. The variety of possible size, shape, orien- 
tation, etc., of the oxide precipitates in silicon imposes the 
use of high-performance characterization techniques for an 
adequate understanding of the different and multiple details. 

In this article we review the recent developments con- 
cerning both precipitate formation and characterization, with 
the aim of presenting to the reader a picture which, Lf not 
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complete (unfortunately this could not be avoided due to the 
huge quantity of articles published in the last years), should 
be (hopefuUy) rather homogeneous and up to date. 

II. OXYGEN IN SILICON 

To study oxygen behavior in silicon we briefly review 
the ciurent techniques for industrial production of single- 
crystal silicon ingots and describe the mechanisms that lead 
to oxygen incorporation into the growing crystal, its thermo- 
dynamically stable positions in the lattice, its solubility, and 
difiusion mechanism. We also review the most common 
techniques used to study isolated oxygen atoms in silicon. 

A. Growth processes 

1. Float-zone growth 

In the float-zone (FZ) technique a radio-frequency (rf) 
coil is used to melt a narrow zone in a vertically mounted 
polycrystalline silicon rod. The molten zone is seeded with 
single-crystal silicon and then passed from one end of the 
rod to the other. This zoning can be repeated many times to 
obtain high-purity crystals. Dopants are introduced either by 
melting pills into the molten zone or by gas-phase doping. 

Since the container or crucible is not directly in contact 
with the molten zone and multiple zone passes are possible, 
high crystal purity is readily attainable; however, since the 
molten zone is supported by the lateral surface tension and 
solid-hquid intert~ace tension, it is difficult to grow crystals 
much larger than 75 mm in diameter. Furthermore, no tech- 
niques have been developed to incorporate significant oxy- 
gen amounts (oxygen concentration within the bulk is typi- 
cally IQ'^'-SXIO'^ atoms/cm^), which is a prerequisite for 
successful ultralarge-scale-integration (ULSI) device manu- 
facture. As a result FZ does not play an important role in 
ULSI silicon application (its applications are limited to about 
20% of the market). Therefore, being oxygen free and not 
widely used for applications, stiicon crystals grown by this 
technique are not considered any longer. 
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2. Czochralski growth 

The experimental setup for the pulling of single crystals 
by the Cz method is illustrated in Fig. 2. Molten polycrys- 
talline silicon is held in a crucible,..a .single-crystal seed is 
first dipped into the melt and then slowly withdrawn verti-' 
cally to the melt surface, whereby the liquid Si crystallizes 
around the seed, 'llie mettiod is named after Czochralski, 
who . introduced it in 1916 in the framework of the study of 
crystallization velocity of metals.' For the growth of sihcon 
and germanium single crystals the Cz method was. .first ap- 
plied in 1950 by Teal, Little, and Biihler3^ The silicon single 
crystals of the early years were not dislocation free. In 1958 
Dash"* developed a special pulling technique to obtain 
dislocation-flree crystals. 

Polycrystalline silicon is melted in a crucible that is sup- 
ported by a graphite susceptor. While rf heating is sometime 
used, all modem Cz crystal pullers use resistance heaters. 
The growth chamber is evacuated to —10-20 Torr and main- 
tained at this pressure with argon or helium flow during the 
growth process. 

Molten silicon reacts to a large extent with every cru- 
cible material. This is due to its high binding forces for the 
light elements and to the high dissolving: power of the melt 
for most elements. It is. then essential to find a crucible ma- 
terial that only shghtly reacts with the melt, and in addition 
does not affect the crystal quality required for electronic ap- 
plications. 

Almost aU crucible materials, especially metals and their 
alloys, are quickly dissolved fay liquid silicon. Only dense 
carbon, particularly vitreous carbon, dissolves slowly, so that 
a silicon melt can be held in such a crucible over a longer 
period, for example, to pull a polycrystalline rod. There are 
several compound materials, namely some carbides, nitrides, 
and oxides, which also react slowly. All these materials are 
dissolved by liquid silicon with an erosion rate of at least 
several microns, per hour.^ For example, vitreous silica dis- 
solves with an erosion rate of 7 ^m/h at temperatures near 
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FIG. 3. Diagrams showing oxygen transportation during Cz silicon growth 
(left-hand side), and oxygen concentration proffle in the melt along I— I.' 
(right-hand side) (from Ref. 7). 



the melting point of silicon in a 1 bar argon atmosphere. Due 
to uninterrupted dissolution, the silicon melt is soon enriched 
to higher concentrations of the constituents of the crucible 
material. Therefore, materials containing metals or dopants 
are not suitable, as, for example, titanium carbide, boron 
nitride, or aluminum oxide. Only silicon compounds such as 
silicon carbide, nitride, or oxide, are considered as potential 
crucible materials. ' 

Up to now only vitreous silica has been used in the pro- 
duction of Cz silicon crystals, since sihcon monoxide pro- 
duced in the reaction between silicon melt and silica crucible 
evaporates easily from the melt. Therefore, under the usual 
pulling conditions, oxygen concentration m the melt never 
reaches the solubility, limit and no disturbance of crystal 
growth by oversaturation occurs. Under the usual pulling 
conditions less than 1% of the reacting oxygen gets into the 
crystal and more than 99% of oxygen evaporates out of the 
melt in the form of gaseous SiO. 

Oxygen fluxes in the Cz silicon growth system are 
shown in Fig. 3. Oxygen enters the melt as the silica crucible 
dissolves in the liquid silicon. As akeady mentioned, part of 
the dissolved oxygen is incorporated into the growing crys- 
tal, while another part is lost by evaporation of SiO from the 
melt surface. In modem conventional growth systems an ar- 
gon purge is usually iutroduced somewhere above the melt to 
help sweep off SiO from the crystal growth area. Due to 
strong conyective flows, mixing in the melt is virtually com- 
plete and significant oxygen concentration differences exist 
only at the three boundaries involved: 



(1) the cmcible/melt interface; 

(2) the solid/melt interface; and 

(3) the melt/ambient interface. 

At steady state the amoimt of oxygen leaving the melt 
must equal the amount entering the inelt, so that 

oxygen in melt= oxygen firom crucible 
—oxygen evaporated 
—oxygen incorporated. 

The steady-state conditions have been studied by many 
authors-^"^ The results can be briefly summarized as follows. 
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(1) At the crucible/melt interface 
oxygen flux=A^D(C^- C„)/ S^, 



«^ large 



(1) 



(2) 



where is the area of the crucible/melt inteiface, D is 
the diffusion coefficient of oxygen in molten silicon (see 
Sec. II B 4), and C„ are the oxygen concentrations. in 
the crucible and in the melt, respectively, and is the 
interface thickness. 
At the melt/ambient interface 



oxygen fiux=A^£)(C„-CJ/5^, 



(2) 



where is the area of the free melt surface, €„ is the 
. oxygen concentration in the ambient, and is the inter- 
face thickness. 
(3) At the solid/melt mterface 



oxygen Q.ux=ARvk^C„, 



(3) 



where Aj^is the cross-sectional area of the growing crys- 
tal, V the linear growth rate, and kg the effective segre- 
gation coefficient of oxygen in silicon (see Sec. H B 2). 

Tfie oxygen fluxes involve; therefore, three diffusion 
boundary layers and three surface areas. The thickness of the 
boundary layers depends on the convective flows in the melt 
and on the purge flow conditions, while the surface areas are 
determined by the amount of polycrystaUine silicon (charge), 
by the crucible size and shape, and by the crystal diameter. 

The large silica crucibles used in contemporary growth 
systems are approximately cylindrical. During crystal growth 
the crucible/melt interface constantly decreases with the melt 
volume, while the free melt surface remains unchanged dur- 
ing most of the growth process. As a result, less oxygen 
enters the melt but evaporation remains constant as the crys- 
tal growth proceeds, thus . influencing oxygen distribution 
along the ingot length. 

More uniform distributions can be obtained if the ratio 
of the crucible/melt surface area to the free melt surface area 
is maintained constant during crystal growth. This can be 
realized in crucibles of special shape, e.g., a truncated 
cone;'° however, the charge size in such crucibles is limited 
with respect to conventional crucibles of the same size. A 
much more practical solution is the continuously recharged 
system in which feed is continuously supplied during the 
crystal gnawth. In this way, the ratio crucible/melt surface 
area to free surface area can be maintained constant The 
uniformity of oxygen axial distribution obtained in such a 
way was first described by Fiegl.^^ 

In general, the oxygen distribution within the silicon in- 
got on microscopic as well as on macroscopic scale does not 
correspond to the distribution of the other elements. The ef- 
fective segregation coefficient of oxygen is close to one and 
depends only a little on the growth rate (see Sec, n B 2). On 
the other hand, the incorporation of oxygen into the growing 
crystal strongly depends on the pattem of the convective 
flows in the melL Figure 4 illustrates a few melt flow char- 
acteristics in Cz silicon melts for isorotation of crystal and 
crucible. Clearly, unsteady melt flows cause .unsteady supply 
of oxygen and. oxygen striations in the crystals which are 
thicker than the dopant sttiations. It is difficult to measure 





FIG. 4. Melt flow chaiacferistics in Cz silicon melts for isorotation of crys.- 
tal and crucible (&om Ref.. 5). 



the oxygen striations straightforwardly, but there are ways to 
visualize them indirectly. For exan^le, one possibility is to 
generate oxygen-related thermal donors by annealing at 
450 °C when their formation takes place with a strict corre- 
lation with oxygen concentration. A second possibility is to 
induce oxygen precipitation and to make the precipitates vis- 
ible by preferential etching. 

The flow patterns in the melt are by fair the dominant 
factor in detemaining oxygen content and distribution in the 
crystal. Figure 5 shows the aXial oxygen distribution for 
eight Cz crystals grown from silica cracibles. All crystals 
have the same length, diameter (50 mm), orientation, and 
doping, while crystal and crucible rotation during pulling 
were different. All other pulling and growing parameters 
were held constant. As shown in the figure, variations' of 
oxygen content in Cz crystals by a factor of about 10 was 
acliieved by simply adjusting crystal and crucible rotation; 
however, a very good axial homogeneity wa.s obtained. Mod- 
em puUing techniques allow one to obtain a nicely flat radial 
oxygen distribution, as shown in Fig. 6. 

lb control and/or modify oxygen incorporation in the 
sUicon liattice a new method of Cz growth in magnetic field 
(MCz) has been developed. 
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FIG. 6. Radial oxygen distribution in Cz smgle crystal at three different 
axial lengtiis. The iiigher oxygen concentration values coixespond to the 
seed-end and the lower ones to the tail-end of the crystal (fiom Ret 5). 



It has been established that a magnetic field can suppress 
the convection of electrically conductive fluids. In 1966 
Chedzey and Hurle'^ and in 1970 Utech and Flemings'^ 
pointed out that a magnetic field can be used to obtain high- 
quality InSb crystals by means of a horizontal crystal-growth 
method. Soon Cz IhSb crystal growth in a magnetic field 
transversal with respect to the growth direction was 
presented.^* Recently a transversal magnetic field was ap- 
plied for Cz silicon crystal growth'^ to improve the quality of 
the crystals. More specifically, the convection flows are sup- 
pressed when a magnetic field of more than 0.15 T is applied 
to molten silicon, which, has an electrical conductivity com- 
parable to that of mercury. Therefore, the applied magnetic 
field suppresses convection, reduces the growth of striations, 
and allows to control oxygen concentration in (he silicon 
crystal. 

Figure 7 shows the experimental results^^ of the effect of 
magnetic field on the concentration of oxygen atoms incor- 
porated into a crystal. A substantial amount of oxygen is 
eliminated from crystals grown under the effect of a mag- 
netic field of 0.15 T. A smooth melt surface was observed 
with small temperature fluctuations. The suppression of con- 
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FIG. 8. Two flat coil contigurations for magneto-Cz silicon single-crystal 
growlli. Vertical or axial cooflguration (left-hand side) and horizontal or 
transversal configuration (right-hand side) (from Ref. 16). 



vection in the melt causes a decrease in decomposed oxygen 
atoths moving from the silica crucible to the growth inter- 
face. 

The magnetic field was applied in the two configura- 
tions, vertical and horizontal, shown in Fig. 8. The results 
obtained by comparing'^ vertical and horizontal MCz can be 
summarized as follows. 

For vertical field configuration it is easy to get crystals 
with an oxygen concentration over 2X10^^ atoms/cm^ and 
eliminate the striations caused by temperature variation un- 
der lower, magnetic field, that is, less than 0.1 T. 

For horizontal field configuration it is easy to get crystals 
with an oxygen content lower than IXIO'^ atoms/cm^ with 
high pulling speed. A magnetic field of about 0.25-0.3 T is 
required to reduce temperature variations. 

. The oxygen content in MCz crystals can be controlled 
by adjusting the applied magnetic field, or, at fixed value of 
the magnetic field, by varying the crucible rotation rate dmr- 
ing the crystal growth, similar to -what is done for the con- 
ventional Cz growth. . 

Figure 9 shows longitudinal oxygen profiles in crystals 
grown with the MCz method, ,, and typical . "low-oxygen" 
range (shaded area) obtamable vidth the standard Cz 
technique.'^ 
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FIG. 9. Longitudinal profiles of oxygen concentration in low-oxygen crys- 
tals grovra with the MCz method. Circles and squares refer to 6 and 4 in. 
ingot diameter, respectively. Shaded area on the top of the figure represents 
the typical low-oxygen range obtainable with the standard Cz technique 
(from Ref. 17). 
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FIG. 10. Ihteistitial position of oxygea atom in siUcon lattice, covalenfly 
bonded with two neighboring silicon atoms The equivalent interstitial posi- 
tions are indicated (1-6). 

B. Fundamental properties of isolated oxygen atoms 

in silicon 

The fundamental properties of isolated oxygen atoms 
placed in a silicon crystal, sutih as their lattice positidSi, seg- 
regation, solubility, and diffusivity, as a prerequisite for its 
more complex behavior, have been studied for almost 4 de- 
cades. It is widely accepted novi'adays that oxygen is thermo- 
dynamically stable at interstitial sites. Recent studies on the 
solubility and diffusivity yield convergent indications in a 
wider temperature range; however, the agreement among 
data concerning segregation and anomalous diffusion mecha- 
nism at lower temperatures is less satisfactory. 

Position of isolated oxygen atoms in silicon 

Infrared (IR) measurements on oxygen-doped silicon led 
Kaiser, Keck, and Lange'**''' to conclude that oxygen is 
placed interstitially in silicon lattice and is covalently bonded 
with two neighboring silicon atoms (see Fig. 10). Such inter- 
stitial oxygen is electrically inactive. 

Oxygen interstitial position was fiirther confirmed by 
x-ray-dif&action measurements of the silicon lattice param- 
eter as a function of the oxygen concentration.^ Corbett, 
McDonald, and Watkins"^^ by measuring stress-induced di- 
chroism of the IR band at 1107 cm~', and Stavola"^ for the 
bands at 1107 and 515 cm""\ confirmed this model as well. 
Besides this model O'Mara^ proposed, on the basis of the 
IR data by Bosomworth et al.^'^ that oxygen can be present 
simultaneously at interstitial and substitutional sites. The key 
for such a proposal was the observation that the 515 cm~* 
band does not fit iu the band scheme given by Bosomworth 
et al?'^ In the O'Mara model substitutional oxygen manifests 
double donor activity. This would explain the donor behavior 
of oxygen (see Sec. Ill D) as well as the segregation coeffi- 
cient larger than one, as observed by Yatsurugi et alP How- 
ever, there is no general agreement on the existence of oxy- 
gen on substitutional sites, and furthermore Stavola'^ has 
shown, from stress-induced IR dichroism data, that the 515 
cm""' band is not due to substitutional oxygen, but to the 
Sinmtnetric stretching vibration of interstitial silicon, i.e., of 
the Si-O-Si quasimolecules. 
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Recently, Chen et alr^ proposed a new model predicting 
that most of the oxygen atoms in Si are at interstitial sites in 
bonded SijO configuration, with a binding energy 
£^^—0.8-1.0 eV, for temperatures up to 600 K. At higher 
temperatures a new "quasifree interstitial oxygen" and the 
bonded Si20 configuration coexist. In the quasifree intersti- 
tial oxygen state the Si — O bonds are broken, but oxygen 
migration is hindered by the lattice with a potential barrier 
Ei~l.5—\.6 eV. With this model they explained the en- 
hanced oxygen dif&isivity (see Sec. II B 4). 

It can be concluded that at room temperature the inter- 
stitial position of isolated oxygen atoms dissolved in silicon 
is nowadays widely accepted. 

2. Oxygen segregation 

The behavior of oxygen in silicon upon various thermal 
treatments is strictly dependent on the processes leading to 
its incorporation into the crystal during growth. The distribu- 
tion of impurities into the solid phase of the crystal growing 
finom the melt is related to its segregation. The equilibrium 
segregation coefficient Atq of oxygen in silicon is defined as 

feo=~. (4) 

where and C„ are the oxygen concentrations in the solid 
and in the melt, respectively. 

The above equation holds for equilibrium processes. Al- 
though the Cz growth process is rather slow (the maximum 
growth speed is a few mm/min), it is still far from equilib- 
rium; therefore, segregation is described by the effective seg- 
regation coefficient . A detailed analysis of the phenomena 
at the growth interface shows that they are related to the 
thickness ^ of the diffiision boundary layer and growth speed 
V. By usiiig these parameters. Burton, Prim, and Slichter^^'^^ 
could write fe^ as a function of S, 

^"""['^0+ ( 1 - A:a)exp( -0 <5/D)] ' 
where 8 is given by 

5=1.6i»l'3^'/6^-l/2 

D is the diffusion coefficient of oxygen in the melt, v the 
kinematic viscosity of the melt, mid oy the rotation rate of the 
crystal. This theory gave a satisfactory explanation of the 
actual impurity distribution along the growth direction for 
several dopants in Cz crystals.'^' 

According to Eq. (5), fcp" 1 implies that the oxygen in- 
corporation is not dependent on the growth rate variations, 
i.e., that the oxygen redistribution within the ingot is uni- 
form. This is, however, in disagreement with experimental 
findings, which give values of different from unity. 

Several attempts have been made to determine , which 
displays values in the range from 0.25 to 1.48, as shown in 
Table I. Such large discrepancies in the experimentally d^ 
termined values for are due to the fact that oxygen behav- 
ior in the silicon melt is driven by dynamic processes and, 
therefore, is not simply related to the equilibrium segregation 
coefficient 
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TABLE I Comparison of kg values for oxygen in silicon, as determined by 
different techniques. FUR, CPAA, SIMS, and SRP denote Fourier transform 
infrared spectroscopy, charged particle activation analysis, secondaiy-ion- 
mass spectrometry, and spreading resistance probe, respectively. 
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growth rate-IR 
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One of the difficulties for the determination of the seg- 
regation coefficient is the continuous supply of oxygen from 
the crucible walls and the evaporation of SiO from the melt 
.surface. The balance between supply and evaporation fluctu- 
ates so that oxygen concentration in the crystal varies. Con- 
sequently, many researchers gave scattered values of the 
equilibrium . segregation coefficient for oxygen in 
silicon.'"^""" Harada etal.^^ took mto account these effects 
and furthermore suppressed oxygen evaporation by encapsu- 
lation, i.e., they increased the ingot diameter up to the inner 
diameter of the crucible, to completely cover the melt sur- 
face. From the uniform distribution of the oxygen through 
the P and Sb striations they concluded that the segregation 
coefficient is equal to unity. Lin and Hitf'^ and Lin and 
Stavola^^ have grown small-diameter silicon, crystals under 
constant growth rate conditions trying to reach equilibrium 
conditions by keeping the area of the melt in contact with the 
crucible and of the melt surface nearly constant. By compar- 
ing the axial distribution of oxygen and of the doping atoms, 
they found a value of 0.25 for the segregation coefficient;^' 
from the comparison of microscopic arsenic and oxygen 
striations, a value of 0.3 was found.^^ In similar crystal pull- 
ing experiments Series and Barraclough^' kept the tempera- 
ture of the melt constant during the crystal growth, thus . 
avoiding changes of the oxygen concentration in the melt. 
This experiment resulted.in a segregatibn coefficient equal to 
1.0+0.1. 

Attempts to determine the segregation coefficient from 
IR measurements^'^^'^°~^^ are Kmited by the presence of oxy- 
gen complexes and other IR inactive species. Therefore the 
use of complementary techniques is required to determine 
the total amount of incorporated oxygen. 

From the analysis of the phase diagram Sosman^^ deter- 
mined a segregation coefficient smaller than one. However, 
the accuracy of the available phase diagrams for oxygen in 
silicon is far from being satisfactory, since they were deter- 
mined in the early days of silicon pulling. 

Recently Kim and Langlois"'^ developed a niodel for 
oxygen segregation in Cz and MCz crystals. This niodel 
takes into account the oxygen source (ablation of the silica 
crucible), the transport in the melt, and the segregation at the 



TABLE It. Literature data for the constant Cor and the dissolution enthalpy 
E, . SIMS, SRP, IR, CPAA, and XRD denote secondaty-ion-mass spectrom- 
etry, spreading resistance probe, infrared spectroscopy, charged particle ac- 
tivation analysis, and x-iay diffraction, respectively. • 
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growth interface. The sink is represented by evaporation of 
SiO from the free surface of the melt, which is a fast process 
compared to O diffiisioi} through the melt and incorporation 
in the growing crystal. The equilibrium segregation coeffi- 
cient was set to 1.25, i.e., the melt under the interface is 
depleted of oxygen. The comparison hetween simulations 
and experimental results for the radid oxygen profiles and 
the ablation of the crucible shows excellent agreement. 

3. Oxygen solubility 

Oxygen incorporated from the melt into the growing Cz 
crystals is frozen in during the cooUng of the ingots and 
gives rise to a solid solution. Therefore, in Cz wafers oxygen 
is present in a supersaturated state for all temperatmres of 
standard processing. At the melting point oxygen solubiUty 
in silicon C*^ was shown to be 2.75±0.15X10i* atoms/cm^ 
as shown by Yatsurugi et al.^ The temperature dependence 
of C*jt is expected to have the form 



(7) 



where Cqi is a constsint and is the dissolution enthalpy. 

Oxygen solubility at various temperatures has been studied 
by means of various techniques; Table 11 shows the data from 
the" literature, scattered up to an order of magnitude. A best fit 
of the experimental results from different groups is given by 
Mikkelsen,'"' who found Coi=9X10^^ atoms/cm^ and 
1.52'eV. Figure 11 gives an overview of the most im- 
portant experimental results and the line represents Eq. (7). 
The discrepancies are related to the different analytical tech- 
niques used. 

Let us first consider the IR solubility measurements. The 
wide scattering in the pubUshed data has been recently dis- 
cussed by Livingston et al^^ in conjunction with their study 
of oxygen precipitation in silicon, devoting a particular at- 
tention to the different calibration procedures. They have 
also shown that since the reported IR measurements were not 
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FIG. U. Oxygen solubility in silicon as determined by SIMS (circles); IR 
(solid squares), and CPAA (triangles); the solid line represents the best fit 
(from Ref. 40). 
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FIG. 12. Oxygen diffusivity in silicon measured by SIMS (circles), CPAA 
(squares), dichroism (triangles up), and Idnetic data (triangles down); solid 
line: best fit (firom Ref. 40). ' 



all performed at 4.2 K, it would be extremely difficult, to 
separate the absorption.due to precipitates firom that of dis- 
solved oxygen. The data in Table II are recalibrated with the 
3.03 calibration constant. A more, detailed discussion about 
calibration factors is given in the next paragraphs. Further- 
more, they noticed that most authors have limited the limes 
of heat treatment in precipitation experiments to less than 
200 h, apparently too short for the low-temperature anneals. 
These problems were avoided in the experiments of 
Craven,'" who studied silicon wafers doped by nuclear trans- 
mutation, thus having high density of heterogeneous nucle- 
ation sites. The results of Craven are in close agreement with 
those of Hrostowski and Kaiser'" obtained by IR spectros- 
copy and of Talcano and Maki*^ obtained by x-ray diffrac- 
tion. - • . 

Other analytical methods such as secondary-ion-mass 
spectrometry (SIMS), charged particle activation analysis 
(CPAA), and x-ray diffraction evaluate the oxygen solubility 
from the surface oxygen concentratioh and dififtision profiles. 
It is assumed that this concentration is established by the 
intrinsic solubility as a boundary condition for normal (Fick- 
ian) diffusion. It is, however, critical to ensure that no oxy- 
gen precipitation and/or complexing took place during tile 
thermal treatment, since neither SIMS nor CPAA can distin- 
guish the various fdrins of oxygen in silicon. Precipitation, is 
likely to greatly affect the x-ray measurements, of lattice di- 
latation, too. 

For temperatures above 1000 °C, the oxygen solubUity 
values determined by different techniques are comparable. 

Significant differences, however, affect the results at low 
temperatures. Livingston et al^^ have shown that below 
850 °C the solubility is enhanced. An. mcrease in oxygen 
solubUity below 650 °C, compared to the exponential depen- 
dence given in Eq. (7), was evidenced by Messoloras et al?^^ 
This-.was attributed to the changes in the structure or in the 

morphology of the SiO^ precipitates. However, Vanhelle- 
„53 



ence of a high self-interstitial supersaturation and to the 
higher interface and strain energy of precipitates at these low 
temperatures, making precipitation more . difficult than at 
higher temperatures. 

Mikkelsen^'*'^^ investigated the influence of oxidizing 
annealing ambients on the oxygen sohibility, which was 
found much higher than that measured under vacuum anneal- 
ing conditions. Similar results were obtained both with oxi- 
dation in O2 and in H2O, but it should be pointed oiit diat 
these treatments did not lead to equilibrium. Furthermore, 
they found that oxygen solubility is a factor of 2 higher for 
steam than for dry ambients and is also a factor of 1 larger 
for (111) than for (100)-oriented wafers. A similar result was 
obtained by Lee and Nichols'^^ from SIMS analysis of the 
oxygen out-diffusion profile; The observed effect is ex- 
plained by the increase of the oxygen steady-state solubility 
in the presence of the high silicon self-interstitial concentra- 
tions induced by the oxidation process.^'* 

• The influence of other chemical impurities on the solu- 
bility of oxygen in silicon is not clear. Gass etal^^ showed 
that the oxygen solubility Uxnit does not depend on B and P 
doping. Instead, Al and Ga seem to influence the solubility, 
but this may depend on sample preparation. Mikkelsen''^ re- 
ported that silicon crystals heavily doped with As tend to 
show defect regions which atfract oxygen in excess with re- 
spect to the solubility limit, but the presence of precipitated 
oxygen cannot be ruled out. In the case of heavy P doping, 
both Heck, Tressler, and Monkowski^'^ and Lee and 
Nichols'*? observed that the concentration of oxygen in- 
diffusion profiles was somewhat lower than that obtained 
under inert ambient annealing. These results are difficult to 
interpret due to very complex processes occuring at the sur- 
face. 



4. Oxygen diffusivity 

a. Intrinsic oxygen diffusivity. 



Different techniques. 



mont, and Claeys^^ recently attributed tMs effect to the pres- such as, e.g., x-ray diffraction,'^'^ CPAA,''^ and Cs* ion-beam 
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TABLE HI. ■ Oxygen difEusivity £)g and activation energy Eg as deduced by 
CPAA, SIMS, m, SANS (small-angle neutron scattering), and XRD mea- 
surements. 
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SIMS depth profiling,*°'^''^ have been used to study oxygen 
diffiasivity in silicon in the. high-temperature range (700- 
1200 °C). The agreement among the results obtained by the 
different techniques is excellent, as shown in Fig. 12; On the 
other hand, in the low-temperature range (220-360 °C). IR 
spectroscopy was used to study oxygen diffusivity by means 
of stress-induced dichroism measurements.^''^^-^^ Oxygen 
diffusivity in the. silicon crystal Dg is related to.yalues of r 
through the relation 



Do=a2/(8r), 



(8) 



where a is the silicon lattice parameter and tiS the relaxation 
time. 

SIMS measurements have been perfoimed at different 
experimental conditions. '*0 in-diflftision in FZ silicon wa- 
fers, as Well as ^^O out-diffusion from supersaturated Cz 
crystals were considered.^''*¥^''^'^ It has been shown that 
oxygen diffiisivity does not depend on wafer orientation 
((100) or (111)), annealing ambient (dry or wet oxidizing, or 
inert), doping concentrations, nor pulling technique.'?*'''*^ 

On the other hand, Gass ai^ have^showii by CPAA 
that B or P doping has no influence on oxygen- diffusion, 
which, , however, might be somewhat affected by Al and Ga 
doping. It has been also suggested that 'coraplexing of As 
may influence the O diffusion.®' The influence of heavy Sb 
doping on oxygen diffusivity has been investigated,^""^ and 
no effect , has been found. Wijaranakula and co-workers® 
studied oxygen diffusivity in a wider range of Sb doping 
concentrations, concluding that j)oidt defects, such as silicon 
self-interstitials or vacancies, havb httle or no effect on oxy- 
gen diffusion.' » • • 

The temperature depende;nce of the difEiision- coefficient 
£> is expected to have the form ■ . 



D=Dq exp 



££ 
kT 



(9) 



where />g is diffusivity. and is the activation energy of 
diffusion process. Diffusion coefficient data have been ob- 
tained in a wide range of temperatures as shown in Table III, 
and it is now well understood over twelve orders of magni- 
tude (see Fig. 12). Fitting the results of both low and high 
temperatures Mikkelsen"^" has shown that the values for Dq 
and Ep are 0.13 cto^/s and 2.53 eV, respectively. The inter- 
stitial oxygen diffusivity under thermal equilibrium condi- 
tions is dominated by the process of jumping from one inter- 
stitial site to another.'''^'"'- 

• Heck and co-workers^^ found differences concerning dif- 
fusivity at 1100 °C during steaitti ajid HCl oxidation, suggest- 
ing that oxygen diffuses Via a vacancy-dominant mechanism. 
According to this model oxygen hopping takes place -via a 
substitutional site previously occupied by a vacancy. This 
model impUes that oxygen hopping directly from oiie to an- 
other interstitial site should involve a too large lattice distor- 
sioii; therefore, it is suggested that oxygen atoms hop 
through an intermediate substitutional position. On the other 
hand, Lee and Nichols^^*^ measured oxygen diffusivity in 
the temperature range 700-1160 °C, under the various con- 
ditions known to lead to a large supersaturation of point de- 
fects. They found that over more than two orders of magni- 
tude in' point defect concentration oxygen diffusivity is not 
affected by the variations of such conditions. Their findings 
clearly indicate that the oxygen diffiision above 700 °C is 
dominated by an interstitial hop mechanism. 

b. Anomalous oxygen diffusivity. Tlie phenotnenon of 
enhanced oxygen diffusivity has been the object of several 
studies and attributed to different causes. Gates et al.^^ found 
that electron irradiation induced an enhajiced oxygen diffu- 
sion, while other groups found its dependence on thermal 
history,^^-^''-® on the presence of metallic contamination, 
and on interactions with carbon^"'^' or hydrogen.'''*-'"'-'^ En- 
hanced oxygen diffusion is also invoked to explain the for- 
mation of thermal donors and rodlike precipitates at low tem- 
peratures. 

Enhanced oxygen diffusivity observed on electron- 
irradiated samples was studied by stress-induced 
dichroism.^^ The effect was explained with the formation of 
oxygen-vacancy complexes (A centers), or dioxygen vacancy 
complexes.''* The capture of.siUcon interstitials by these 
- complexes results in emission of oxygen interstitials. Such a 
process, i.e., successive capture and emission of vacancies, is 
assumed to occur faster than the normal oxygen hop, and it 
dominates the oxygen diffusion process above 300 °C. On 
the other hand, no evidence of interaction between silicon 
self-interstitials and oxygen atoms in the temperature range 
25-500 °C has been given. 

Stavoia et al?^ found that the oxygen hopping time is 
two, orders of magnitude shorter in crystals subjected to an 
"oxygen stabilization" heat treatment (900 °C for 2 h), as 
compared to crystals in which oxygen has been weU dis- 
persed (heated at 1350 °C for 20 h). This suggests diat ther- 
mal history of silicon wafers may significantiy influence 
oxygen dfffusivity.^^'^^ 

The presence of metallic contaminants (Fe, Cu) can en- 
hance oxygen diffiision® up to two orders of magnitude. 
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This effect is also explained by the presence of vacancies due 
to metcdlic contaimnants. 

Enhancement of oxygen diffusion was observed^ upon 
treatment in a hydrogen plasma at low temperatures. At 
300 °C an increase of the digiisivity by a factor of 300 is 
reported. Such an effect was not observed with other kinds of 
plasma treatments and, therefore, is not related to ion dam- 
age. More recently, Newman etalP^ extended these mea- 
surements to the temperature range 225-350 °C. They re- 
vealed oxygen profiles by measuring the ER. dichroism ratio 
as a function of the depth by grinding the surface after each 
measurement It was found that oxygen hopping is favored 
by collision with diffusing hydrogen atoms, thus causmg the 
enhancement of oxygen dlHusion. Very recently, ZJjong and 
Shimura^^ showed, by means of SIMS measurements; that 
even at higher temperatures (>1000 °C) annealing in hydro- 
gen atmosphere produces an enhanced oxygen diffusion. 
They interpreted the results with a model based on the direct 
interaction between hydrogen and interstitial oxygen. 

Shimura and co-workers^° studied the outdiffusion be- 
havior of oxygen and carbon in carbon-doped Cz silicon wa- 
fers by SIMS. They showed that the diffiision of both oxygen 
and carbon is greatly enhanced at 750 °C, but is significantly 
slowed down at 1000 °C. Enhanced oxygen diffusion is- at- 
tributed to fast diffusing molecularlike O-C complexes. 
"Wijaranakula^^ found also that at temperatures below 690 "C 
oxygen diffusion in silicon doped with carbon is enhanced. 
This phenomenon is attributed' to C^Oi complexes, which 
could act either as a mobile species or as an activated state. 

A possible explanation of thermal donor formation is 
based on an enhancement of the oxygen diffusivity at '250- 
500 °C of 3-4 orders of magnitude;^* however, such en- 
hancement is no longer a necessary requirement in arecendy 
proposed model in which thermal donors are described as 
silicon self-interstitial agglomerates.'.^'^^'^* 

Thermal treatment of siUcon supersaturated with oxygen 
in the temperature range 500-625 °C produces rodlike de- 
fects. Transmission electron microscopy (TEM) studies of 
such defects lead to the conclusioif that they contain coesite, 
i.e., the bigh-pressure phase of SiO^?^ This requires, how- 
ever, that oxygen diffusion be enhanced by four orders of 
magnitude.'^ Recently, Bourret showed that the concentra- 
tion of oxygen in the "coesite" particles was, in fact, very 
low.™ Such features were reinterpreted as hexagonal silicon 
inclusions, presumably produced by the stress fields set up 
by the local condensation of silicon self-interstitial atoms; 
similar features were found in irradiated silicon. The fact that 
the defects have not been revealed by small-angle neutron 
scattering (SANS) measurements provides additional evi-- 
dence that they do not contain significant amounts of oxygen 
and the local density of silicon atoms is not very different 
from that of the matrix. The new inteipretation immediately 
eliminates the need for enhanced oxygen diffusion. 

Several models have been proposed to explain enhanced 
oxygen diffusion in silicon, and are briefly reviewed here. 

Gosele and Tan^*^ proposed a model that explains en- 
hanced oxygen diffusivity by the fast drffiision of molecular 
oxygen. Gaslike quasimolecules oriented along the (HI) 
direction and centered at a tetrahedral site were studied by 
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Needels et al, with evidence of just a small buildup of 
charge between the silicon and oxygen atoms, indicating that 
the Si-O interaction is extremely weak, thus supporting the 
model of a very mobile O, molecule. However, Oehrlein and 
Corbett showed that the assumption of gasHke molecular 
oxygen diffusion leads to unreaUstic values for oxygen dif- 
ftisivity around and slighdy above room temperature. 

An alternative model for a fest g^like oxygen dimer 
(O2) with symmetry is proposed by Snyder et al}^'^^ 
From their theoretical modeling they conclude that the diffu- 
sivity of oxygen dimers is eight orders.,of magnitude higher 
than that of interstitial oxygen atoms.; 

Several authors proposed models that include complexes 
formed with point defects such as vacancies or self- 
interstitials to explain enhanced diffusivity. Oates et al.^^ at- 
tributed enhanced oxygen diffusion under electron irradiation 
at room temperature to the formation of V-O complexes 
which capture silicon self-iuterstitials so that the O atoms are 
tbinjected in the lattice as ihterstitials, but at a much higher 
rate.- Furthermore, Newman proposed the following 
reaction:'* 

0,-l-0f-4[0r0rV]+/. (10) 

where V is the vacant site occupied originally by a Si atom. 
/ defects would be mobile dnd it seems likely that [Oj-0,-K] 
complexes would be more mobile than single O, atoms, pos- 
isibly by repeated emission and recapture of / atoms. 

Oimnazd, Schroter, and'Bourret^^ proposed that the fast 
diffiising species are oxygen-silicon self-interstitial com- 
plexes.' In heavily carbon-doped Cz silicon, however, New- 
man et alJ^ showed that the reduction of [O,-] concentration 
is not distinguishable from that in carbon-free samples, 
where self-interstitials are expected to have a longer lifetune. 
Thus, diere is no evidence that the presence . of self- 
interstitials enhances oxygen diffusivity. 

Moleculelike Q-O,- complexes or perturbed C(3) centers 
have been proposed by Shimura and co-workers'" to explain 
enhanced oxygen diffusion in carbon-doped Cz silicon; how- 
ever, from the variations in carbon and oxygen concentra- 
tions upon thermal treatment, Wijaranakula'^ deduced that 
such Cj-Oj complexes may contain more than 35 oxygen 
atoms. This result is not compatible v/ith two or three oxygen 
atoms as proposed by Shimura and co-workers.'° It implies 
that an enhanced oxygen diffusion could involve several 
mechanisms, and therefore an alternative model was pro- 
posed. The local strain field surrounding an isolated oxygen 
is compressive along the (111) axis, while that of the inter- 
stitial carbon is tensile along the (110) axis. If the Q-O,- 
complexes are activated, the local straia field surrounding the 
complex would lower the energy barrier so that jumping of 
oxygen atoms is favored. Thus, enhanced oxygen diffusion 
could be a resplt of a strain field effect 

•Recent reports that oxygen diffusion is enhanced by the 
presence of hydrogen'^'"' confirmed the model proposed by 
Estreicher,*^ according to which rapidly difiEiising H atoms 
form complexes with O,- impurities as a transient species, and 
an oxygen diffusion jump may occur when a complex disso- 
ciates. 
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FIG. 13. Normal vibrations of the Si-O-Si defect molecule. 1/1=1205 cm"', 
1^2=515 cm"', and 1/3=1107 cm~' are the wave numbers corresponding to 
symmetric stretching, bending, and antisymmetric stretcliing vibration 
modes, respectively. 



Not only enhanced, but also retarded oxygen diJHusivity 
has been measured on several occasions. Heck and 
co-workers^^ reported that under oxidizing conditions at 
1100 °C oxygen diffusion is retarded, and this retardation is' 
found to be larger for steam than for dry oxidation. The 
observed difference was taken as evidence that oxygen dif- 
fiises via a vacancy dominant mechanism. 

A variation in oxygen diffusivity was alsO repotted by 
Shimura and co-workers.™ From SIMS measurements on 
carbon-firee and carbon-doped Cz sOicon annealed at 750 °C, 
where precipitation is small, a good correspondence with the 
expected profile was obtained. On the other hand, results for 
annealing at 1000 °C. show a strong retardation of oxygen 
diffiision, and a much stronger retardation in heavily carbon- 
doped samples. This additional retardation can be related pri- 
marily to the stronger oxygen precipitation, resulting in 
higher densities of sUicon self-interstitials in the near-surface 
region. Consequently, this result suggests that oxygen diffu- 
sion is retarded by the presence of silicon self-interstitials 
and, in turn, supports a vacancy-dominant diffusion mecha- 
nism for oxygen in silicon. 



C. Techniques for oxygen content determination in 

silicon 

IR spectroscopy, with grating or with Fourier transform 
infrared (FTIR) spectrometers, is widely accepted and used 
as a nondestructive technique for routine measurements of 
interstitial oxygen concentration in sUicon. It should be 
pointed out that IR spectroscopy is the only technique that 
can discriminate between interstitially dissolved oxygen and 
oxygen in complexes or precipitates. Other techniques' such 
as SIMS, CPAA, photon activation analysis, x-ray diffrac- 
tion, and gas fusion analysis are used to detect the total oxy- 
gen concentration in the bulk. It has also been shown that 
low-temperature IR spectroscopy could be used to detect 
oxygen in Fz or crucibleless-grown silicon crystals, where 
the oxygen concentration can be 3-4 orders of magnitude 
less than in Cz crystals.^' IR spectroscopy can be employed 
for quantitative analysis after comparison with the results 
obtained by means of other techniques, as is discussed later. 
We briefly describe these techniques and underline their 
main characteristics, relevant for the measurements of oxy-r 
gen in silicon. 



1. Infrared spectroscopy 

a. Room-temperature measurements. There are three 
absorption bands in the mid-IR spectral range observable at 
room temperature, one at 1205 cm"\ one at 1107 cm"\ and 
the third one at 515 cm"''. Hrostowski and Kaiser^^ origi- 
nally assigned these bands to symmetric and antisymmetric 
stretching and bending vibrations of the triatomic Si-O-Si 
"defect molecule," respectively (see Fig. 13). The 1107 
cm"*^ is the strongest and has been used for many years to 
measure the concentration of interstitial oxygen in silicon. 
This band is broad (—30 cm"') at room temperature and 
splits into a number of features at low temperatures: The 
assignment to an autisymiuetnc vibration (1^3 in Fig. 13) is 
weU established."^'.'^' The assignment of the 515 cm"' band is 
much more uncertain. Bosomworth et al}^ have left this 
band unassigned.and suggested that it is due either to a sym- 
metric motion or to impurity-induced lattice absorption. The 
fact that this band looses intensity more quickly than the 
band at 1107 cm"' upon oxygen precipitation heat 
treatments,^^''""'' as observed by measuring stress-induced 
IR dichroism, offers a variety of possible interpretations; 
however, Stavola"^ showed that such a band is due to sym- 
metric vibrations of interstitial oxygen. 

The transmittance J, i.e., the ratio . of the transmitted to 
the incident light intensity, depends on the wavelength X. For 
accurate measurements the influence of multiple reflections 
on the wafer surfaces has to be taken into account. This is 
particularly important when both surfaces are polished. At 
normal incidence on a plane-paraUel plate with poUshed sur- 
faces the hransmittance T is giyen by'^ 



1 



(11) 



where R is the reflectivity which is related to the refractive 
index n (when extinction coefficient ~Q) by 



n+l 



(12) 



For silicon n=3.42 in the wavelength range from 5 to 50 
fim, i.e., RssO.3. 

From Eq. (11) the absorption coefficient a can be de- 
rived. 



1 
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(i-rY' 

2T 



1/2) 



(13) 

The absorption coefficient measured at 1107 cm"' is the sum 
of three contributions due to interstitial oxygen Oq , free car- 
riers Qfpc, and multiphonon lattice absorption or^ . Thus, 

<a;=Q;o+aFC+«£,- (W) 

For. lattice absorption at 1107 cm"' the value a£ = 0.85 
cm" ' can be used.'^ This value was measured directly at the 
National Institute of Standards and Technology from the 
spectrum of a 4.7-nun-thick polished FZ silicon crystal. Nev- 
ertheless, the calculation, of the absorption coefficient a is 
not much affected by this value. For example, a change of 
10% in this parameter would result in a change of 0.25% in 
the calculated value of the absorption coefficient. 
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The term describing the free-carrier absorption ap^ de- 
pends on the resistivity of the analyzed sample. It is well 
known that free-carrier absorption can be neglected for con- 
centrations below 10^^ atoms/cm^. Above that value, how- 
ever, the absorption coefficient increases drastically.'* For 
highly doped silicon with resistivities, in the range of mfi cm 
the free-carrier absorption becomes high enough to hide 
other contributions. Schomann and Graff^'* studied samples 
with different resistivities and they found that the sum of 
absorption coefficients otl+^pc ^ ^107 cin"* can be given 
as a function of the free-earner concentration x (in 10 
atoms/cm^), 

a = 0.825e°-°^^ (cm"'), - ' (15) 

with l5;x«:20. , • 

The problem of free-carrier absorption in a highly doped 
material has been circumvented by T^uya et al^^ by high- 
flux electron irradiation, which results in trappLog of the free 
carriers. Gates and Lin'^* have proposed a "short baseline 
technique" which takes into account the effects of the free 
earners for the measurements of interstitial oxygen in 
heavily doped silicon. Receatly, Borghesi et al.^ have dis- 
cussed an alternative method which uses a curved baseline. It 
was shown that their technique, which gives results equiva- 
lent to those of Dates and Lin, requires a simpler analytical 
procedure and is quite suitable for computerised routine 
measurements. 

In order to obtain interstitial oxygen concentration C^^ 
(in atoms/cm^) the absorption coefficient (in cm"') has to 
bie multiplied by the calibration constant x (ifl atoms/cm^), 

Cox=Af«o- (16) 

The exact determination of the calibration constant has been 
a matter of long studies and ihterlaboratory round-robin ex- 
periments: A wide range of values differing up to a factor of 
2.5 is reported. A recent worldwide interlaboratory calibra- 
tion yields the IOC-88 standard,^^ 

A:=(3.14±0.09)X10^'^ atoms/cm^. (17) 

This calibration factor is in close agreement with the JEIDA 
value of 3.03X10'^ atoms/cm- (lizuki et al.^^). On the other 
hand, it deviates a lot from the value of the ASTM F 121-83 
and the DIN 50"438/I standards of 2.45X10'''' atoms/cm" and 
the old ASTM F 121-79 standard of 48lxlO'^. atoms/cm^ 
used previously. A full compilation of all reported caUbration 
factors is given by Baghdad! et al}^ The optimum wafer 
thickness that results in the best accuracy for is given by 
d=llaQ. Therefore, a slice with thickness of 2 mm is rec- 
ommended for measurement of C^^ in Cz silicon. Conuner- 
cially produced wafers are much thinner (typically of the 
order of 700 /im for wafers of 150 mm in diameter): This 
causes a lower accuracy of the measurements of oxygen con- 
tent. An additional difficulty with measurements of standard 
wafers is their backside roughness that results in the loss of 
intensity due to light scattering. This effect can reduce the 
transmittance of wafers" when both surfaces are rough by 
approximately 40% with respect to that of double-side- 
polished wafers and by only few percent with respect to 
single-side-polished wafers. 
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FIG. 14. Absorption coefficient of the antisymmetric vibration: mode of 
Si-O-St molecule at different temperatures (from Ref. 88). 

Schonmn and GraH^^ discussed the factors influencing 
the accuracy of measurements of oxygen content in silicon. 
They showed that the highest enor comes from surface 
roughness which is important also, in single-side-polished 
wafers. Both the sample temperature during measurement 
and the free-carrier absorption are also important, while the 
thickness variations, spectral resolution, and instrumental er- 
rors are less significant 

Usually, for the determination of oxygen content, FZ 
oxygen-and carbon-free silicon wafers are used as reference 
samples. Optimum measurement conditions require the same 
doping level, backside polisiiing, and precisely determined 
thickness both of the unknown and the reference wafer. Re- 
cently, a new method to determine precisely the O,- concen- 
tration in single-side-polished wafers was proposed.^' The 
method is based on IR transmission measurements per- 
formed with p -polarized light impinging on the sample at the 
Brewstex angle.. In this case the 1107 cm"' absorption band 
is easily distinguishable from the contribution due to Kght 
scattering at the backside surface from the difference be- 
tween absorbance spectra of single-side- and double-side- 
polished wafers. This is due to the lack of multiple reflec- 
tions for measurements with p-polarized light at the 
Brewster angle on siogle-side-polished wafers. 

b. Low-temperature measurements. Under progressive 
cooling from room temperature, the 1107 cm"' band gets 
distorted and shifts toward higher energies, as shown in Fig. 
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14. At 77 K there are three bands at 1121.4, 1127.5, and at 
1135.8 cm~^ and the most intense one is centered at 1127.5 
cm~^ with a full width at half-maximum (FWHM) of about 5 
cm~\ In this case, the ratio aji27_5(77 K)/a[iQY(300 K) is 
2.56±0.02, therefore the calibration factors found for room- 
temperature measurements are. no more valid. New calibra- 
tion constant values were proposed by Pajot^^ to obtain the 
0{ concentration (in atoms/cm^) at 77 K, 

Cox=A:77 Ka^U27.5. (18) 

where 

X77 K=1.1±0.1X10" atoms/cm^ (19) 

"^1127.5 is the absorption coefficient (in cm"^) of the 1127.5 
cm"^ band measured with a resolution equal or better than 1 
cm"' to avoid instrumental distorsion. 

At liquid-helium temperature the bands at 1121.4 and 
1127.5 cm~' disappear.^ The 1135.8 cm"' line shifts to 
1136.4 cm"^ getting sharp and prominent with two weaker 
satelh'tes at 1134.5 and 1132.7 cm~\ due to the silicon iso- 
topes with mass 29 aiid 30 (see Ref. 22). The FWHM of the 
1136.4 cm"' is only 0.6 cm"' and, as the integrated intensity 
of the band is nearly the same at room temperahire and at 8 
K, the maximimi absorption coefficient rises strongly so that 
'^1136.4(8 K)/£i:iio7(300 K)~30. IMs fact allows one to detect 
this band even in FZ silicon at 8 K. 

Low-temperature measurements can also be used 'to 
measure oxygen absorption in very thin Cz samples: The 
limit of the sample thickiiess for observing O,- is calculated to 
be about 0.2 /nm for 8 K transinission measurements. 'For 
thicker Cz silicon samples the huge increase of the O,- ab- 
sorption band at 8 K leads to a saturation of the 1136:4 cm"' 
band preventing accurate measurements. In this case, room- 
temperature measurements are more favorable. The detection 
limit for the O,- concentration reachable with the liquid-He 
temperature measurements, for a 1 -cm-thick silicon sample, 
with a reasonable integration time, is about 3X10" 
atoms/cm". 

To determine the conversion factor for measurements at 
temperatures near liquid He some difficulties rise, due to the 

sharpness of the 1136.4 cm"' band. In fact, only by measur- 
ing the band profile with an instrumental resolutioh.' eight 
times lower than the FWHM of the band can it be reasonably 
infejnred that the measured profile is free of instrumental dis- 
tortion. In this case, the maximum absorption coefficient is 
independent of the instrumental resolution and proportional 
to the integrated intensity. When the above conditions are not 
fulfilled, the maximum absorption coefficient measured de- 
creases with the ratio between the FWHM of the band and 
the instrumental resolution, strongly depending on the latter. 
Then, for comparative measurements the spectral resolution 
used must be specified. 

Since it is very difficult to measure the profile of. the 
1136.4 cm"' band with the appropriate instrumental resolu- 
tion, Pajot''^ proposed a conversion coefficient to determine 
the Oj concentration from liquid-He measurements, which 
takes into account Acdgbs, the observed FWHM of the 1136.4 
cm"' band. The proposed calibration coefficient to obtain 
C„ in atoms/cm'^ is 



TABLE IV. Conversion factors x ioi: the determination of interstitial oxygen 
concentration (in atoms/cm^) ftom IR-absorption measurements at dif- 
ferent temperatures. 



Band position 


X 


T 




(cm-') 


(lO" atoms/cm^) 


(K) 


Ref. 


1107 


3.14+0.09 


300 


93 


1127.5 


1.1+0.1 


77 


92 


1136.4 


O.I4±0.02Aa)ote 


8 


92 


1136 


0.169' 


4 


100 


515 


... 1 


300 


100 



"With. 1 cm"' resolution. 



Xi K=l-4±0.2X10'^A<aobs atoms/cm^. 



(20) 



11 should be pointed out that the measurements of this band 

at low temperatures are very sensitive to the temperature of 
the sample and to the resolution of the instrument; therefore', 
the exact calibration strongly depends on the experimental 
conditions. 

Recently Wagner'"" discussed the influence of the 
sample temperature on the absorption coefficient; for a reso- 
lution of 1 cm"' he gave the calibration factor to deteraiine 
the concentration in atoms/cm'', for temperatures close to 
4 K, to be 



A:= 1 .69 X 1 0 ' ^ atoms/cm^. 



(21) 



Low-temperature measurements of interstitial oxygen con- 
centration are of particular importance if oxygen precipitates 
exist within the bulk, giving rise to the broad band close to 
1107 cm"' at room temperature, which significantly hides 
the real signal. In fact, measurements at low temperature 
have no influence on this broad band but strongly enhance 
the interstitial oxygen absorption band, so that precise mea- 
surements are possible. 

Another approach is based on using the 515 cm"' band, 
which has no underlying precipitate response,, as a measure 
of interstitial oxygen concentration. The calibration factor for 
this band is'°° 



Ar5i5=lXlO''^ atoms/cm^ 



.(22) 



which is temperature independent This coefficient gives Cq^ 
in atoms/cm'' with a in cm"'. The 515 cm""^ band, however, 
is much weaker than the 1107 cm"' band and disappears 
much more quickly, so that it can be used only for samples 
with very high concentration of interstitial oxygen. 

In siMcon samples stressed along the (110) directions, the 
interstitial oxygen atoms are preferentially situated along the 
(111) directions, where lattice stress is minimized. By reduc- 
ing the temperature while maintaining the stress, the prefer- 
ential orientation can be frozen in.. The temperature depen- 
dence of the reduction rate of the resulting dichroism of the 
1107 cm"' absorption band'''^^'^^ yields information on the 
hop frequency of the interstitial atoms. Table IV summarizes 
the X values for different temperatures for the 1107 and 515 
cm"' absorption bands. 
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FIG. 15. Oxygen evolution from a silicon sample vs time. The first peak 
evidences surface contamination, the second one surface oxide, and the third 
one bulk oxygen (from Ref. 104). 

2. Gas fusion analysis 

Gas fusion analysis (GFA) is a well established method 

in metallurgy for the analysis of several gases (e.g., oxygen, 
nitrogen, and hydrogen) in soUds. In the case of silicon, the 
samples are heated to above the melting point (up to 1500- 
1700 °C) in a special graphite crucible where the dissolved 
oxygen reacts with the carbon, producing CO. The developed 
CO gas is carrie~d by flowing helium through a CuO bed 
heated at 400 °C where the rfcaction is completed, so that CO 
is converted into C02. The amount of this ga6 is subse- 
quently detected by IR-absorption measurements, with a sen- 
sitivity about four times higher for the CO2 than for the CO 
gas. Before reaching the samples the high-purity He carrier 
gas is purified by drying agents and by exposure to Cu turn- 
ings at 600 °C to remove the oxygen traces." 

A different procedure is also possible where the CO gas 
is extracted into a vacuuin system (vacuum fusion analysis) 
and then analyzed. 

Baket, in 1970,^°* used GFA as a comparative tool in the 
quantitative detcnninatiOn of oxygen in silicon by BR spec- 
troscopy (see Sec. U C 1). Later on it was used to a limited 
extent.'°^~'°* GFA has been developed primarily for measur- 
ing the oxygen content in heavily doped silicon, siuce it is 
suitable for any type or concentration of the doping material, 
while other methods (e.g., IR spectroscopy) are not suitable 
for heavily doped samples. The GFA method detects the 
whole oxygen content, hence, it cannot distinguish between 
interstitial and precipitated oxygen. 

Prior to the measurement the samples are degreased, 
etched to remove the contaminated area close to the surface 
(typically in CP 4 etchant), then rinsed in de-ionized water, 
and etched in HP (40%) to remove any surface oxide. Fi- 
nally, they are rinsed again and dried at 100 °C at a pressure 
lower than 5 Torr. 

A typical GFA spectrum,^"* Le., oxygen signal plotted vs 
time, is illustrated in Fig. 15. The three partially separated 
peaks indicate three sources of oxygen evolution from the 
sample. The first peak, occiuxing after about 15 s, is made up 
of various easily liberated oxygen-containing species from 
surface contaminants. The second and third ones are due 
primarily to surface oicide and bulk oxygen, respectively, al- 
though they may have other components. These two peaks 
can be well separated from each other by appropriate pro- 
gram of power inputs. The third peak is due primarily to bulk 
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FIG. 16. Correlation of GFA relative oxygen concentration results with (a) 
FTER data, and (b) SIMS data (from Re£ i05). The continuous Ime repre- 
sents the linear regression results. 

oxygen but it could also be affected by. the oxidation at the 
surface. Shaw and co-workers demonstrated that such in- 
flue;nce could be of the order Of 10.% of the typical oxygen 
level in Cz silicon. Such an effect is tentatively attributed to 
a very stable surface or near-surface oxide. Nonoxidized 
samples show excellent correlation between SIMS and GFA 
measurements. 

The GFA technique needs calibration which is usually 
petformed in two steps. For precalibration measurements 
standard steel samples are used. Basic elements of the second 
step are standard gas mixtures and sUicon slices cut from 
selected ingot positions and measured with FTIR. The bulk 
oxygen content of the silicon sample is calculated in /ig/g or 
atoms/cm^. The correlation factor to convert /ig/jg. to 
atoms/cm^ is 0.877X10". The detectioii limit for a typical 
instrument can be <1X10'^ atoms/cm^ with a reproducibil- 
ity of <±2% for 5-10 /tg/g and ±3%-4% for 2-3 /ig/g. 

Figure.. 16. shows the correlation of GFA results with 
FTIR [Fig. 16(a)] and SIMS [Fig. 16(b)] data m the range 
from 0 to 12 /ig/g. Correlation faptoxs of 0.997 and 0.994 are 
found with FTIR and SIMS; respectively.^"^ 

3. Secondary-ion mass spectrometry 

SIMS has become a very versatile analytical technique 
in the semiconductor industry aimed at bulk impurity mea- 
smements. Determination of oxygen in silicon samples by 
SIMS is possible independently of doping type and concen- 
tration. Generally, the primary ion beam used to bombard the 
sample surface is constituted by a noble gas; however, the 
secondary ion yield can be increased through the use of oxy- 
gen or cesium primary ion beams. Electropositive gas such 
as cesium can enhance negative secondary ion yield of elec- 
tronegative-species.^"^'"" Williams etal}°^ showed the fea- 
sibility of using Cs"*" bombardment combined with the detec- 
tion of negative secondary ions in a depth profiling mode. It 
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FIG. 17. Regression stiaight-iine fit for oxygen concentratioa measured by 
FUR and SIMS in Wghly doped sillcoa samples. The lowest point corre- 
sponds to midoped EZ silicon (from Ref. 97). 



has been demonstrated that a high sensitivity can be obtained 
in the detection of oxygen in silicon. Typically, 10 mAJcm^ 
of primary current density is used, which yields an oxygen, 
background hmit corresponding to IXIO" atoms/cm^ as 
calibrated using ion-implanted samples. Usually SIMS in- 
struments use lower current density, implying a worse back- 
ground limit for oxygen detection- In fact, the detection limit 
for oxygen in silicon is controlled by the balance established 
between the adsorption rate of oxygen from the residual gas 
of the vacuum system and the rate of sample erosion during 
Sputtering with primary ion beam. Thus, ultra high-vacuum 
(UHV)„ conditions are necessary in order to obtain reliable 
results. A further increase in sensitivity is possible using a 
very high sputter rate. Wittmaack"" demonstrated the impor- 
tance of highly focused primary ion beam and UHV condi- 
tions in determining the background levek of oxygen in sili- 
con. Moreover, the background level can be fiirther lowered 
by using a .secondary ion optics designed to preferentially 
extract ions from the central area of the rastered crater. 

Bleiler etaO"^ developed a methodology for accurate 
and reproducible measurements of oxygen in heavily doped 
silicon wafers. Prior to measurements the samples were, 
baked for approximately 30 min at 100 °C to remove ad- 
sorbed water. A proper vacuum system and a hquid-nitrogen- 
cooled shroud surrounds the sample holder enstuing about 
2— 3X10~* Torr pressure during the analysis. Another factor 
influencing the detection limit can be the natural abundance 
of different oxygen isotopes. While for ^^O resolution Umit 
is IXIO" atoms/ci?, for '*0, ia^iiffiised fixDm Hj ^^O or 
'^□2 ambients, a detection limit approximately 500 times 
better can be obtained. 

In addition, it is well known that the SIMS secondary 
ion yield varies quite drastically for different elements and 
for the same element in different materials (matrix effect).^"' 
To obtain quantitative SIMS data is thus not straightforward, 
and a careful calibration for an accurate comparison with 
Other techniques is essential. Calibration of the oxygen yield 
by means of a known oxygen ion implantation profile results 
in an accuracy of about 30%, while the depth scale calibrated 
with a profile measurement of the sputter crater gives' an 
accuracy of about 10%. The precision of the method is ±2% 
on a routine basis.''" 

The comparison between SIMS analysis and FIIR trans- 



given in Fig. 17. Hie figure shows Opna vs Osms straight- 
line fits. The correlation between the two sets of data is sat- 
isfactory, as indicated by the high value of the linear corre- 
lation coefficient (0.97) and by the low standard deviation 
(0.37X 10'^ atoms/cirr') of the fits. 

4. Other methods 

In CPAA a silicon crystal doped with is irradiated 
with a 4.6 MeV proton beam or with a particles of 18-23 
MeV, to produce the nuclear reactions'**''**'®* 



(2.3) 



or 



^«0(^He,p) i«F, 



(24) 

respectively. Both reactions produce the unstable fluorine 
isotope '*F, which decays into with half-lifetime qf 
109.7 min by emitting a particle. 

Oxygen content depth profiUng is possible by repeated 
measurements after sequential etching of the surface layer. 

The presence of the surface native oxide layer interferes 
with the signal of the oxygen in silicon. Therefore, care has 
to be taken in completely removing this oxide and the oxy- 
gen adsorbed during the measurement (this is usually per- 
formed by the in situ sputtering with a beam of argon ions). 
With reaction (24) this problem could be overcome by using 
highly ^^O-enriched oxides as dijBRision sources and by etch- 
ing back this oxide before the measurements, so that a native 
oxide vwth the normal low '^^O abundance is formed. The 
detection limit of CPAA is IXIO'^ atoms/cm^ and the accu- 
racy about 20%. 

The total oxygen content in silicon can also be measured 
by activation with high-energy photons, generated by bom- 
bardmenfof a tungsten target with 30 MeV electrons with a 
maximum of bremsstrahlung iu the range of about 20 MeV. 
This technique is known as photon activation analysis 
(PAA). The mentioned energy range yields a giant resonance 
for the nuclear reaction'"^ 



i*o(r,«) i^o, 



(25) 



rmssion measurements performed by Borghesi etal. 



9J ,- 



is 



with half-lifetime of 2.03 min. During the uradiation the 
sample rotates, in order to be homogeneously activated. Af- 
ter irradiation the samples are etched with the solution nitric 
acid/hydirofluoric acid (1:1) in order to remove the activated 
surface oxide and to eUminate background problems. GFA 
(see Sec. II C 2) is then performed with iron as a metallic 
bath. The sample is completely dissolved at 2000 °C under 
helium gas flux. The sample collection, efficiency is about 
100%. 

The determination of the activated oxygen is based on 

the annihilation radiation, generated by f}^ radiation of 
'^O, which reacts with an electron under emission of two y 
rays of 511 keV, that are farther measured with two detectors 
ui coincidence tp determine oxygen decay curve and content 
Figure 18 shows a comparison of oxygen concentrations 
determined by PAA versus absorption coefficient of IR oxy- 
gen band at 1107 cm~^ The accuracy of the method is typi- 
cally better than ±15% and the detection limit is 5X10'^ 
atoms/cm^. 
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FIG. 18. Least-mean-squares fit of oxygea concentration data obtained by 
IR spectroscopy and PAA (from Ref. 102). 



Two indirect methods of mea$uring oxygen in silicon 
also exist: 

(1) determinatidii of the lattice dilatation due to interstitial 
oxygen atoms by x-ray diffraction analysis; 

(2) spreading resistance profiling of thermal donors, whose 

concentration is considered proportional to a power of 
starting interstitial oxygen concentration. 

Takano and Maki^'' quantified the lattice dilatation.due to 
the presence of interstitial oxygen- atoms within ,the silicon 
lattice, considering the value of oxygen concentration as de- 
termined using IR-absorbance measurements. By.^ stepwise 
removal of silicon from the surface they , obtained dilatation 
profiles that were subsequently converted in oxygen diffu- 
sion profile. The sensitivity limit of this method is, 1X10^' 
atoms/cm', on the basis of , the determination of the diflfusivi- 
ties and solubilities only for a. temperature range from 1100 
to 1200 °C. Nevertheless, these nieasurpments are in excel- 
lent agreement with those obtained by means of other meth- 
ods. 

The thermal donor profiling by spreading resistance 

measurements relies on the formation of thermal donors aris- 
ing from oxyge-n related complexes. The rate of formation is 
proportional to the starting oxygen concentration to the third 
or. fourth power. Thus, the gradient of oxygen concentration 
is converted in gradient of thermal donor concentration; 
however, such a correlation would require the comprehen- 
sion of donor formation process, which has not yet been 
achieved. 

III. THERMODYNAMICS AND KINETICS OF 
PRECIPITATE FORMATION 

A. Nucleation 

The first stage of oxygen precipitation in silicon is nucle- 
ation, a process leading to the formation of aggregates of a 
few O atoms, the so-called nuclei or precipitate embryos, 
within the silicon lattice. Once formed, precipitation nuclei 
can either further grow and form oxide precipitates or dis- 
solve, depending on the characteristics of silicon crystals and 



on the thermal treatments performed. The fundamental pa- 
rameter for nucleation (and, therefore, precipitation) is the 
degree of supersaturation of the solid solution constituted by 
the Si crystal (solvent) and the interstitial oxygen (solute), 
i.e., the ratio between the concentration of oxygen present in 
the Si crystal. and its solubility limit (which is a 
fimction of temperature). 

Nucleation, can occur at crystal lattice sites where few 
Interstitial oxygen atoms are close to each other (homoge- 
neous nucleation'^'"^'^), or at lattice defects (heterogeneous 
nucleation"*"^^). Both -processes lead to the formation of 
nuclei having different distributions and size. 

In this subsection a general discussion about nucleation 
theory and related experimental results is reported, describ- 
ing both homogeneous and heterogeneous processes. More- 
over, some nucleation models''^'' are illustrated and the 
mechanisms of nucleus dissolution, occurring during particu- 
lar thermal treatments of silicon wafers, are described.'^ 

1. Homogeneous strain-free nucleation 

A very important parameter in the theory of nucleation is 
the critical radius , distinguishing the nuclei which upon 
thermal treatment grow further (r>r^) from those which are 
going to dissolve (r<r^). It depends on several characteris- 
tics of the silicon crystal such as, for example, self-interstitial 
and vacancy concentrations, impurity type and content, elas- 
tic properties, and temperature. "''^""^ 

As a first step a theory for strain-free nucleation is illus- 
trated, i.e., a theory that describes .nucleation by completely 
neglecting the strain energy related to the structural differ- 
ence between siUcon and the oxide composing the nuclei. 
Under this assumption, the free energy AG required to form 
a spherical nucleus with radius r is given by the sum of two 
contributions: The particle-matrix : interface energy and the 
chemical energy of supersaturation. The first term is positive 
since energy is needed to increase the nucleus surface, while 
the second one is negative since chemical energy of super- 
saturation decreases when solute atoms (oxygen) are re- 
moved from the solution and incorporated into the nucleus. 
The total free energy AG is therefore 



AG= 



3"' ""^B. , (26) 

where y is the interface energy per unit area and AG^ is the 

volume free energy, related to the variation of the chemical 
energy of supersaturation per unit volume after oxygen atom 
removirig from the solution., AG^ can be written as 



AG„ = - 



Vp 



hi: 



(27) 



where kg is the Boltzmarin constant, T is the absolute tem- 
perature, and Up is the particle volume per oxygen atom (i;e., 
volume per oxygen atom in the silicon oxide SiO^^ compos- 
ing the nuclei). 

The critical radius is defined as the value r=r^ for 
which d(AG)^0 (equilibrium); in the case of strain-free 
nucleation it can be derived from Eq. (26), 



2yvi 



(28) 



4ib4 . d. appi. mys., vol II, No. 9, 1 May l99t> Appl. Phys. Rev.: Borghesi etaf. 

Downloaded 28 Ju! 201 1 to 128.59.62.83. Redistribution subject to A!P license or copyrigfit; see hsttp://jap.aip.org/about/rights_a.nd_perm!ssions 




600 800 1000 1200 
TEMPERATURE (°C) 

FIG. 19. Temperature dependence of the critieal radius as determined torn 
Eq. (28). Te is the temperattore at which the actual should equal C* 
(fixim Ref. 113). 



When the nucleus radius r is smaller than the volume free 
energy is lower than the surface free energy and, therefore, 
the nucleus dissolves. On the contrary, vfiiea r>rc the sur- 
face free energy is the smaller term in Eq. (26) and a pre- 
cipitate can grow. From the expression of it is clear that 
high temperatures and high oxygen concentrations enhance 
precipitate growth, reducing the nucleus critical radius. On 
the. other hand, low temperatures correspond to low C*,^, 
which also causes to decrease: These trends lead to a 
monotonically increasing function rXD- Figure 19 reports 
the plot of r^CD as deduced from .Eq. (28), considering 
7=410 erg/cm\ Vp=3T.66 A^ and Co^==llXlO" 
atoms/cm^. in the figure is the temperature at which the 
actual value Cq^ should equal C*^. 

In the classical theory of nucleation"* the number N of 
nuclei of radius r per unit volmne follows a Boltzmann dis-- 
tribution. 



iV(r)==c expi 



AG 



(29) 



where c is the number of nucleation sites per unit volume. 
The nucleatjon rate jQ=N/t, vifhea:c t is .the-time, is given by 

jQ==4'7rrlc(D/d)Zn(r,), (30) 

where D is oxygen diffiision coefficient, d is the so-called 
atomic jump distance of oxygen, and Z is the Zeldovich fac- 
tor (Z^'IO"-^), corresponding to the fraction of oxygen at- 
oms which are included in the precipitate nuclei immediately 
after nucleation. The nucleation rate dependence on the in- 
terstitial oxygen content and on the temperature as deduced 
from a best fit of experimental data'-' with Eq. (30) is re- 
ported in Figs. 20(a) and 20(b) respectively."^ 

In Fig. 20(a) the experimental data fit very well with the 
calculated line, while in Fig. 20(b) the agreement is less sat- 
isfactory, probably because of the neglected dependence of Z 
on the temperature. Figure 20(c) reports the- function J(T) 
for different interstitial oxygen contents and shows that for 
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FIG. 20. Dependence of the nucleation rate on (a) the oxygen content and 
(b) the temperature. Open circles indicate the experimental data, solid 
circles show the detectability hmit for two temperatures, and the hnes are 
the best lit (from Ref. 115). (c) Dependence of the nucleation rate / on the 
temperature for crystals with different interstitial oxygen content (indicated 
in lO" atoms/cm-' units). 



typical Cz wafers (Cox=7-10X10" atoms/cm^) the opti- 
mum temperature range for nucleation is from 650 to 850 °C. 

AU the" relations derived up to this point disregard the 
possible time dependence of the thermodynamic state of the 
solid solution. A nonsteady-state theory of nucleation can be 
used to describe the process occurring after a sudden cooling 



J. Appl. Phys., Vol. 77. No. 9, 1 May 1995 



Appl. Phys. Rev.: Borghesi ef a/. 4185 



Dov^nioaded 28 Jul 2011 to 128.59.62.83. Redistribution subject to A!P license or copyright; see http://jap.aip.org/about/righfs_and_permissions 




0 X* 100 200 300 400 
TIME (min) 

FIG. 21. Hme dependence of the nuclealion rate /. The value of the induc- 
tion time 7* is indicated. 
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FIG. 23. Precipitate density in a sample with initial C^=8.8X10" 
atoms/cm^ aimealed for 10 h at 1000 °C as a function of the duration of the 
nucleation annealing at 750 °C (from Re£ 129). 



of the Si cxystal, where a supersaturatiott state suddenly de- 
velops. Such a theory can be particularly interesting for the 
comparison with experimental results regarding precipitation 
rate, being more adequate to the real process. In the 
nonsteady-state the nucleation rate is 



J{t) = Jo exp[ 



(31) 



where Jq is the steady-state nucleation rate of Eq. (30) and 
-J* is called the nucleation time (or induction time), figure 
21, which reports the plot of J(t), shows that the nucleation 
rate reaches its steady-state value Jq as t approaches infinity 
(7* is also exphcitly indicated). The nucleation time can be 
written as 



T*=j. (32) 

where n = j7TrlN is the number of oxygen atoms in the 
nucleus (A'^ is the atomic concentration ia the precipitates) 
and / the frequency of atom stickidg to a critical nucleus. 7* 
decreases with increasing the temperature, as shown in Fig. 
22/" which reports t*{T) for different C^x values (indi- 
cated in units of lO"- atoms/cm'') obtained by using the same 
best-fit parameters as in Fig. 20. Higher temperature, as al- 
ready pointed out and shown in Fig. 19, leads to smaller 
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FIG. 22. Temperature dependence of induction time. Each curve is labeled 
by the value in 10" atoms/cm^ units (from Ref. 115). 



values and, therefore, to a t* decrease. Moreover, at high 
temperatures the oxygen atomic diffusivity is high and also / 
increases, leading in turn to low 7*. 

T* can be obtained both from Eq. (31) and experimen- 
tally from the increase of precipitate density with, time. "^The 
two evaluations lead to 7*=1 h and t*='10'^ ' h, 
respectively,'^^ but this discrepancy can be ascribed to the 
fact that probably not aU the oxygen atoms reaching a 
nucleus remain there. 

The nucleation rate has been deduced by Inoue and 
co-workers'^' to slow down, reaching a satiu-atipn value, as 
the duration of the nucleation annealing increases. Figture 23 
shows the precipitate density as a function of nucleation an- 
nealing time for samples annealed at 750 °C (nucleation) and 
then for 10 h at 1000 °C (precipitation). The precipitate den- 
sity has been mejasured^^' by the surface etching technique 
(see Sec. IV A) after the second annealing. The authors pro- 
pose an explanation for the described saturation. It can take 
place when the dijBEiision layers surrotihding each nucleus 
overlap, so that fiirfher oxygen diffusion leads to the growth, 
of the existing nuclei inore likely than to the creation of new 
onesi The diffusion layer has been assumed as spherical, with 
radius yfot, where D is the diffusion coefficient of oxygen 
in silicon and t is the nucleation time. Saturation occurs 
when the average distance between two adjacent nuclei is of 
the order of ^fDt. The foUdwing relation between the nimi- 
ber density of nuclei A*^ and yjpt is therefore assumed 

N~^'^ = {Jtr^'^=slDt. (33) 

Then ,the time when saturation begins and the saturation 
number density of nuclei can be determined. 



■215 



and 



(34) 



(35) 



This model for the saturation in nucleation is well confirmed 
by the good agreement between experimental and calculated 
N(t) values, shown in Fig' 24 for various annealing tempera- 
tures, for a siMcon crystal with Cojj=l IXIO'^ atoms/cm^. 
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HG. 24. Experimental data of the density of nuclei as a ftinction of anneal- 
ing time for different annealing temperatures: 650 °C (solid triangle); 
750 °C (open squares); 800 °C (open triangles); and 850 °C (open- circles). 
The lines are the N(t) functions calculated for different temperatures ac- 
cording to Eq. (35) (from Ref. 129). 

Homogeneous micleatioa has been reported^'^'^"" as re- 
sponsible for a phenomenon called time lag in precipitate 
growth, which is considered tlie experimental evidence of the 
time dependence of Eq. (31). Time lag consists in a "delay" 
of precipitation detected in samples subjected to a short high- 
temperature preannealing (e.g., 5 min at 1200 °C) before the 
precipitation treatment (several hours at low temperature). 
Considering Eq. (31) (or looking at Fig. 21), time lag can 
simply be related to the initial transient A!;=f 3 — 4r*, when 
J(t) is still noticeably different from the steady-state value 
Jq. Some authors"^ disagree, considering time lag a piece of 
evidence for heterogeneous nucleation (see Sec. in A 3). 

Figure 25 ^ reports experimental data regarding time lag 
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FIG. 25. Hme dependence of precipitate density during aimeal at 800 °C for 
two samples subjected to preanneal at 1200 °C for 5 min. 'The upper curve 
refers to a slowly cooled sample, the lower one to a quenched sample (from 
Ref. 115). 
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in precipitation, i.e., the precipitate density detected in siK- 
con wafers subjected to different thermal treatments, which 
is directly related to the initial concentration of nuclei. The 
precipitate density in the sample subjected to a short prean- 
nealing iid then quenched is initially very low, abruptly in- 
creasing after about 70 h. This initial delay has been related 
to the nucleation time. 



2. Homogeneous nucleation with strain 

The assumption of nucleation as a strain-free process 

imposes a serious limit for the theory outlined m Sec. 
ni A l. even if it results in qualitatively good agreement 
with experimental data and partially includes (implicitly) the 
lattice strain when considering the interface energy y. More 
adequate models have been proposed^^*"'^^'^"''^^ to explic- 
ifly take into accotmt the strain-energy, contribution to the 
total free-energy variation AG. Indeed, the difference be- 
tween the volume per Si atom in the precipitate Vp and in the 
silicon crystal Fg; (volume misfit) causes an increase of pre- 
cipitate strain energy during growth (in particular for the 
case of SiO, in Si, 'Vp>Vs\}- Absorption of ny vacancies 
from the bulk of silicon and/or emission of Uj self-interstitial 
atoms release part of this strain.'^^'" Consideration of this 
last contribution leads us to include intrinsic point defects in 
the nucleation process, although the term homogeneous 
nucleation is still used to distinguish this case from that 
which involves extrinsic defect contribution or intrinsic de- 
fects, as the main constituents of the nuclei. 

On the basis. of these arguments about strain, it is clear 
that Eq. (26) has to be modified. According to Hu,^''^ it is 
useful to describe the volume variation of a precipitate, when 
its radius r increases by dr, in terms of elastic properties of 
silicon. When a few Si atoms are included in a precipitate 
nucleus, they leave a cavity in the bulk of the silicon. Such a 
cavity can be described as a sphere of radius to compare 
with the growing particle. At the same time the growing 
particle has a different radius r={l + ^r^, where Sis the 
linear misfit between Si and SiO^ lattices (<5^0.3 for SiO^). 
lb reach a common radius Vp (the actual nucleus radius) the 
cavity must be expanded, while the nucleus must be com- 
pressed. The final radius rp faOs between Tq and r, i.e., 
rp=ro{l + e), where 0<e<6. Considering the shear modu- 
lus of silicon yu. and_ the bulk cpmpressibUity of SiO^ K and 
assuming e,d<l, the strain e compressing the precipitate is 



(36) 



i-\-AiJLl3K' 
The final radius rp can also be written as 



rp=r 



il + S) 



(37) 



Then, AG of a SiO^ spherical precipitate, considering an 
increase dr of the radius r, is 



AG= 



„ xrkgT, 
(l + S+e)'—^ ' 



C{ Cy 



Cf 



In- 



+ 2'y+6fLSer 



A-irr dr. 



(38) 
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where re^ and riy -are the numbers of interstitials and vacan- 
cies emitted and absorbed, respectively, Cj and are the 
concentration of interstitials and vacancies, respectively, and 
C* and Cy are the solubility limits of these defects in sili- 
con. The term (6jxSer)4'iTr dr={6j.iSe)dV is the change 
in the total elastic energy of a spherical nucleus related to a 
volume variation dV. 

From Eq. (38) a more complete expression for the criti- 
cal radius that also considers strain energy is obtained. 



—v; — 



(39) 



Besides the strain-related contribution, this expression also 
illustrates the role of interstitial Si atoms and vacancies in 
strain relief. It is important to note that in the case of strain- 
free nucleation, i.e., e=<5=0, Eq. (39) is identical to Eq. (28). 

Equation (39) can. be rewritten in a. useful form using the 
following expressions for Cq^, C*^, Cf, Cf , Cy, and 



C* . 
V • 



Cx=cx exp 



and 



Cx = cx expl -■ 



(40 a) 



(40b) 



where is a constant and Jf=/, V, ox. Tx is the character- 
istic temperature derived from the heat of solution 
Hx—ksTx and rf is the temperature at which the actual X 
content should be soluble (7^* = in Fig. 19). By substi- 
tuting Eqs, (40) in Eq. (39) we obtam 



where 



(41) 



^=(l + 5-e) 1 + 



TiyTy niTj\ 6fiSevp 
xkgTox 



and 



1 + 



T T 



T T 

•' ox-' J 



In intrinsic thermal equiUbrium conditions iT=Tl=T^), the 
critical radius becomes 



(42) 



where 



r = (l+<5-e)- 



bpiSeu p 



Equation (42) relates the critical radius to the temperature 
at which the actual interstitial oxygen content should be 
soluble 7^*. This is very interesting because the initial oxy- 
gen concentration is usually a known parameter and can be 

controlled. 



Another interesting model for homogeneous nucleation 
involves thermal donors, considered as aggregates of several 
oxygen atoms.^''^ Assuming that only one type of thermal 
donors dominates carrier increase during thermal donor for- 
mation and considering the results of the classical nucleation 
theory about the concentration of nuclei and the nucleation 
rate [see Eqs. (29) and (30)], the dominant thermal donors 
are deduced to act as nuclei for oxygen precipitation in Cz 
silicon above 600 °C. This result allows one to predict the 
nucleation rate dependence on uiitial oxygen concentration, 
annealing temperature, and carrier concentration, which are 
found to well reproduce the experimental findings. Neverthe- 
less, in Ref. 132 the authors underline that there is also some 
experimental evidence of heterogeneous nucleation which 
they believe to simultaneously occur and compete with ho- 
mogeneous nucleation. 

Other nucleation models includiag intrinsic point defects ' 
as active elements have been proposed'^^'"^'^^° and are illus- 
trated in the following subsection as heterogeneous nucle- 
ation models. 

3. Heterogeneous nucleation 

Nucleation of oxide precipitates can occur on lattice de- 
fects, mainly substitutional carbon atoms, carbon-oxygen 
complexes, and point defects. A clear description of the 
raechanisnis- involved in this phenomenon is not yet avail- 
able, but some general trends have been 
evidenced^''"'^''^"'^^ from the analysis "of a lot of experi- 
mental data. 

Regarding the influence of carbon, several phenomena 
enhancing oxygen nucleation dnd precipitation are widely 
accepted to occur. Rrst of all, in C-rich samples the variation 
of interstitial oxygen concentration, usually related to pre- 
cipitation, has been showii to increase. At the same time, 
substitutional carbon concentration, measured through the DR. 
absorption of Si— C bonds, decreases. Probably, oxygen ag- 
gregating on carbon atoms during precipitate nucleation 
makes C undetectable, due to the variation of the vibrational 
properties of Si — C — Si bonds. 

Carbon atoms_in the silicon lattice can form SiC par- 
ticles, which produce a volume contraction of about 50%. 
Therefore, C presence can cause the formation of free vol- 
ume in the silicon crystal, available for nuclei and precipi- 
tates. Moreover, this free volume leads to a C/ decrease and, 
therefore, also to a decrease [see Eq. (39)]. 

Besides single C atoms, carbon-oxygen complexes have 
also been proposed to act as heterogeneous nuclei for oxygen 
precipitation in Cz silicon. '^'^^"'^^ The same experimental 
data reported in support of the assumption of nucleation re- 
lated to substitutional C atoms might also lead to the hypoth- 
esis of a significant role of C-0 complexes. The variation of 
IR-absorption bands related to C-O complexes has been con- 
nected to changes ia the interstitial-oxygen peak due to pre- 
cipitation. Therefore, C-O complexes are deduced to be in- 
volved in precipitation as the most probable nuclei. On the 
basis of these findings heterogeneous nucleation is indicated 
as predominant at low temperatures. While the homogeneous 
mechanism predominates at higher temperatures. In Fig. 26 
the IR spectra of samples annealed at 900 °C for different 
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FIG. 26. IR transmission spectra of Cz siUcott samples heated at 900 °C for 
various times in N2, showing the C-related absoiption bands (fmm Ret 
122). 
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FIG. 27. X-ray topography (left-hand side) of a longitudinal section of a 
quenched silicon crystal pulled at I mm/tnin and annealed at 1000 °C for 16 
h. Region A contains swirl defeete, while region B is defect free. Interstitial 
oxygen concentration vs annealing time at 1000 °C (right-hand side) iriea- 
sured at ciystal axis in regions A and B (fism Ref. 120). 



times are reported.*^ The' absorptioa bands present in the 
spectrum of the as-received sample related to C-0 complexes 
decrease with the interstitial-oxygen band as the annealing 
time is increased and precipitation takes place. After 110 h 
annealing, the intensity of all these bands is below the detec- 
tion limits. 

Intrinsic point defects, in particular vacancy clusters 
formed in the silicon crystal during growth and including 
also solute atoms, have been assimied to be possible 
nuclei"^'"^-"^ (modified homogeneous nudeation). One of 
the main arguments supporting this hypothesis is the role of 
the clusters in releasing the volume misfit associated with 
precipitate growth. At high temperatures these centers can 
also dissolve, due to the self-interstitial generation ia the Si 
crystal. This phenomenon has been indicated"^ as respon- 
sible for the above-mentioned time lag in precipitation, in- 
stead of the explanation based on the homogeneous model 
for nucleation. Moreover, flie hypothesis that clusters of va- 
cancies can be part .of the nuclei is supported by the experi- 
mental data about precipitation reduction in samples treated 
in oxidizing .ambient,'"'"'^ where vacancy clusters are 

known to annihilate._.Qa. thebasis of the hypothesis of het- 

erogeneous nucleation occurring at vacaiicy-solute atom 
clusters, Ravi"-^ suggested two possible models for nucle- 
ation, which can also explain the Si crystal faceting observed 
on the sample surface after precipitation. The first one pos- 
tulates a direct nucleation of SiOj at vacancy clusters. The 
second one is a multistep mechanism, involving stacking 
faults. Indeed, extrinsic stacking faults can nucleate at va- 
cancy clusters during heat treatments, then becoming nucle- 
ation sites for SiOo precipitates during further annealing. The 
mentioned faceting of the Si crystal surface arises from the 
inhibition of oxidation at the precipitate sites. 

Other possible centers for heterogeneous nucleation have 
been indicated in the so-called swirl defects,'^'^^^ whose na- 
ture is not clear, but in any case related to the condensation 
of self-interstitials. High concentrations of these defects re- 



duce precipitation, while silicon crystal doping can enhance 

the process. Indeed, doping reduces swirl-defect concentra- 
tion, thus preventing their detrimental effect on precipitation. 
Figure 27 (left-hand side) shows the x-ray topography of a 
longitudinal section of an undoped Si ingot annealed at 
1000 °C for 16 h.'^° Region A is rich in swirl defects, while 
region B is defect free. In Fig. 27 (right-hand side) the 
interstitial-oxygen concentration at different stages of the an- 
nealing is also reported. In region B tiie decrease" of O^ 
concentration, connected with precipitation, is much more 
evident, confirming the retardation role of swirl defects. 

On the other hand, self-interstitials seem (o help precipi- 
tation, of oxygen, acting as nuclei, when die oxygen super- 
satinration ratio s (Cqj/C*) .is smaller tiian 5. If ^ is in- 
creased their influence decreases and becomes negligible for 
J = 20. Also . the mentioned retardation of precipitation in 
samples tiieated in oxidizing ambients has been related"^'^^'^ 
to . the decreased self-interstitial concentration id such 
samples. 

Retardation of precipitation, experimentally observed us- 
ing IR spectroscopy in samples subjected to prolonged 
nucleation treatments (2-16 h), has also been related'^ to 
the possible dissolution of die nuclei, described by an inter- 
esting model. Accordmg to that model, dissolution takes 
place at the onset stage of the precipitate-growth annealing, 
due to the large supersaturation of sihcon seLf-interstitials. 
Indeed, tiiis increases and a. large fraction of nuclei dis- 
solve, because the reaction 



(43) 



is driven to the left-hand side. The. generation of self- 
interstitials, also taking place at the initial stage of the 
growth annealing, is essentially due to the need of an accom- 
modation volume for the precipitates (remember tiiat 
Vp>Vs). 

To complete this overview on heterogeneous nucleation 
it is worth mentioning the findings of Wada et al.}^^ who 
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deduced nucleation in as-grown silicon crystals to be hetero- 
geneous from the characteristic nucleation temperature ob- 
served (1000-1250 °C), which is higher than those predicted 
for the homogeneous process. Moreover, they related pre- 
cipitation to thermal fluctuations in the crystal during 
growth, causing the formation of the heterogeneous nucle- 
ation centers. 

4. Nucleation In as-grown crystals 

Oxygen precipitation in as-grown silicon crystals is a 
very important process, being characteristic of the starting 
conditions for further precipitation. Several experimental 
works"^'^^^''^''^^'"* deal with this subject and some models 
for nucleation in these samples have been proposed.- 

In the framework of a growth model for precipitates in 
as-grown crystals, essentially developed using the concept 
of critical radius, nucleation is assmned to be homogeneous 
and to proceed at the same rate as during nucleation anneal- 
ing (about 10" nuclei/cm^ s at 750 °C).'^^ It takes place dur- 
ing the crystal cooling after healing cutoff, which is faster 
(about 100 "C/h) than crystal seed-end cooling during 
growth. 

Another mechanism of nucleation leading to the forma^ 

tion of precipitates in as-grown siUcon crystals has been 
proposed^^^ on the basis of TEM observation and crystal 
cooling measurements. From the experimental results about 
precipitate shape, dimensions, and density in as-grown sili- 
con samples the authors deduce that nucleation occurs via an 
heterogeneous mechanism, at temperatures from 1250 to 
1000 °C during crystal cooling. 

An interesting nucleation model including both homoge- 
neous and heterogeneous processes has been recenfly 
developed'^^ on the basis of experimental findings on par- 
ticular samples. After halting the crystal growth for weE- 
specified time intervals, therefore anneahng the, growth part 
of the crystal, the authors studied oxygen precipitation in 
as-grown samples." Precipitate density was found higher in 
the regions where the temperature dining pulling halt was 
below 800 °C or above 1200 °C and this inhomogeneity of 
precipitate distribution was related to a different nucleation 
rate. Regarding the first regions, nuclei are assumed to be 
homogeneous, while the nuclei responsible for the high- 
temperature precipitation are assumed to. Jhe heterogeneous; 
probably clusters of point defects, because at such high tem- 
perature (^1200 °C) was higher than Cox- Moreover, 
when the temperature during the halt of pulling is high the 
density of heterogeneous nuclei depends on C content in the 
sihcon crystal. On the basis of these experimental findings, 
nucleation is deduced to proceed as follows. First, some nn- - 
clei are formed at r>1200 °C, remaining essentially inac- 
tive (unless the crystal is annealed at low temperature, as 
during cooling). Then, between 1100 and 900 °C the nuclei 
can incorporate C atoms and, finally, below 800 °C they be- 
come active as centers for precipitation (at this stage nucle- 
ation is heterogeneous). 

Recently, Puzanov and Eidenzan^^^ proposed that the 
formation of oxygen precipitation nuclei during crystal 
growth proceeds through the following stages, which depend 
on the crystal growth regime: 



(i) recombination of intrinsic point defects near the 
crystal-melt interface, which determinates the type and con- 
centration of surviving point defects in the growing crystal; 

(ii) redistribution of intrinsic point defects, their an- 
nealing at the crystal lateral surface and smoothing of con- 
centration profile (diffusion stage); 

(iil) agglomeration of impurities and intrinsic point de- 
fects: 

(a) vacancy regime: A-defect (V-O complex) nucleation as 

a result of vacancy-oxygen interaction; 

(b) interstitial regime: B-defect generation as a result of 
coaggregation of self-interstitials and carbon atoms; 

(iv) growth and transformation of agglomerates in- 
volving consumption of intrinsic point defects: 

(a) vacancy regime: transfonnation of A-defect nuclei and 
reduction in vacancy concentration; 

(b) interstitial regime: transformation of some B -defects " 
into A-defects; reduction in self-interstitial concentra- 
tion; 

(V) 

(a) vacancy re^me: formation of secondary (low- 
temperature) nuclei; 

(b) interstitial regime: transformation of residual B-defects 
into centers of oxygen precipitation. 

In this model each stage may depend not only upon its 
conditions, but also upon the results of all previous stages. 
Vacancy or interstitial regimes depend on the type and con- 
centration of intrinsic point defects remaining in the crystal 
after recombination, depending on the ratio ^=V/Gq, where 
Go is the longitudinal temperature gradient near the interface 
and V is the growth ' rate. , For f<ff=3.2; X 10"^ 
cm^s~'K~' the remaicdng defects are self-interstitials and 
for f > they, are vacancies. As a rule, crystals produced 
conunercially are grown in the vacancy regime. 

B. Precipitation 

Oxygen precipitation in silicon is a phenomenon, of ^- 

gregation of oxygen atoms, normally uniformely distributed 
within the Si crystal. As a consequence, small particles of 
SiO^, l=ex<2, form witbin the silicon crystal. Nowadays it 
is widely accepted that precipitation is driven, in a wide tem- 
perature range, by the diffusion kinetics. 

In 1958 Ham proposed^'*" a general theory to explain the 
kinetics of precipitation in a supersaturated solution by con- 
sidering the phenomenon as diffusion limited. The validity of 
this model has been checked by different authors and experi- 
mentally confirmed. In particular, Patrick et al}'^^ using a 
combination of TEM and IR measurements, showed that the 
grow^ of precipitates at about 1000 °C in a dislocation-free 
matrix fits very well the Ham kinetics. Wada et al.}^-^'^^ on 
the basis of TEM observation, extended the validity of the 
model to the temperature range from 750 to 1050 °C. A de- 
tailed analysis and more extended experimental results were 
reported for the temperature range from 650 to 1050 °C- us- 
ing different techniques (see Sec. FV) such as chemicaf etch- 
ing, optical scattering, cold neutron scattering, and infrared 
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absorption by Newman et aO^^ and by Biiins et al}'^ Oxy- 
gen precipitation below 650 °C follows a kinetics that no 
longer agrees with Ham's theory since a negligible fraction 
of atoms is involved in the oxide precipitates.*^ ' 

The starting hypotheses to develop Ham precipitation 
model are as foUows. 

(1) The silicon lattice is defect free (Le., without any ex- 
tended defects such as dislocations, besides precipitation 
nuclei). 

(2) The initial interstitial oxygen concentration Cq 
(atoms/cm'') in the as-grown crystal is uniform. 

(3) The concentration of nuclei N (cm~^) remains constant 
during the heat treatment. This means that nucleation 
already occurred in as-grown material, Li practice during 
crystal growth. . 

(4) In the silicon lattice spherical precipitate nuclei having 
the same radius Kq much smaller than their distances are 
present . 

(5) The precipitates (oxygen sinks) are made of a form of 
silica with oxygen concentration Cp . The oxygen con- 
centration in the silicon matrix immediately adjacent to 
the precipitates C is the equilibrium solubility limit 
C*^ (see Sec. II B 3) at the considered temperature (after 
an infinite time). The variation of C' during precipitate 
growth is neglected. 

Assuming the particles are arranged in a simple cubic 
lattice and dividing tlie lattice into equivalent symmetrical 
cubic ceUs, each one centered at one precipitate nucleus, no 
oxygen fliix is expected to cross the cubic ceU boundaries if 
the distribution of nuclei is uniform. 

It is worth noting that the assumption of spatially uni- 
form distribution is not necessary, provided any crystal inho- 
mogeneities are absent. In fact, oxygen atoms follow three- 
dimensional random walks and only a small probability of 
sticking to grovmg particles exists, due to the presence of 
oxygen concentration gradient only close to the precipitate, 
as is shown later. 

The oxygen concentration profile C^(r,t) as a function 
of the distance r from the center of the precipitate and time t 
fulfills the Fick equation. 



dt 



(44) 



where D is the oxygen diffusion coefficient, which is as- 
sumed to be independent of time, oxygen concentration, and 
position (see Sec. II B 4). Hiis equation has to fiilfill two 

boundary conditions: 

(i) At the precipitate/matrix interface (r=ro) the oxygen 
concentratioh is equal to C; 

(ii) " no solute flux can cross the cell boundary, due to sym- 

metry. 

We note that, taking info account the above-mentioned 
boundary conditions, it is sufficient to solve the Rck equa- 
tion only for a single cubic cell. 

To find the solution of Eq. (44) we first consider spheri- 
cal precipitates with the value /-q of precipitate radius con- 




21 21 2/ 2 



A,(E-ro) 

. FIG. 28. Illustration indicating tbe solutions of tan[A.(fi— ro)]=X.if. 

stant and equal to its final value roi°o) (steady-state value, 
i.e., the value after infinite armealing time) and then we study 
the general case of increasing precipitate radius. Finially, the 
case of disk-shaped precipitates with increasing thickness is 
considered. 

/. Spherical precipitates with fixed radius 

In order to solve the Pick equation in this case, it is 
useful to expand CoJ.r,t)-C' in terms of the eigenfunctions 
of the equation 

VV«('-) + )^^<^„('-) = 0, (45) 
obtaining 



(46) 



To satisfy the boundary condition (i), ^„(ro) has to be zero 
V«. Then, substituting Eq. (46) into Eg. (44) and considering 
Eq. (45), we obtain 



dt 



Therefore, a„{t) can be written as 



an(t)=A„ exp(-Z>X^?)=A„ exp| - 



(47) 



(48) 



where A„ are normalizmg constants and r„= 1/Z)\^. From 
Eqs. (46) and (47) the solution of Eq. (44) . expressed as 
^^ox(''.0-C' follows, 



Cox('-,0-C'= 2 A„ exp - - tff^ir). 



(49) 



Now using the Wigner-Seitz approximation we can re- 
place the cubic cfcll suirounding each particle by a spheri- 
cally symmetric region of equal volume with radius R. satis- 
fying the relation 

IitR^N=^1, (50) 

where N (cm^-^) is the average number of precipitates per 
imit volume, which has been assumed to be constant during 
annealmg. Therefore, Eq. (49) in spherical polar coordinates 
is 
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Co.(r,t)-C' 
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I 1 1 



-lOro -5r„ -r„ r„ 5r„ 10r„ 



FIG. 29. Plot of interstitial oxygen concentration in the vicinity of an oxide 
precipitate of radius Kq as deduced froia Eq. (55). 



CoAr,t) -C' = Z A„ exp - - ) . (51) 

The bouadary.; condition (ii) can be written as 
{o[Cox{r,r)-C']/<?r}^=/}=0, i.e., from Eq. (51) as 

tan[\„(/?-ro)] = \„/?. (52) 

The coefficients \:„ have the tUmensions of a reciprocal 

length .and can have infinite positive values (see Fig. 28). 

The first solution of Eq. (52), considering that the pre- 
cipitates usually occupy only a small, fraction of th& whole 
sphere with radius R (i.e., typically ro//?=»0.025), is ap- 
proximated as 



and then 



,'•0= 



(53) 



(54) 



where 1/tq is the precipitation rate. 

It is possible to show that after a short initial transient, 
when all the solutions of Eq. (52) are significant, Xq gives the 
most important contribution to the variations of Cg^(^r,t). 
Therefore, after a time interval At— tq a pseudosteady state 
is reached. In that case, from Eq. (51), the concentration of 
oxygen remaining in the solution as a function of the dis- 
tance r firom the precipitate center and of the aimealing time 
can be considered equal to 



Co^(r,0-C'-AoXo| l-yjexp 



f 



(55) 



where AqXq is a constant with the dimension of a concentra- 
tion, equal to about Cq—C. This equation leads to interest- 
ing considerations. Fixing the annealing time t the spatial 
oxygen concentration profile can be obtained. In this case, as 
shown in Fig. 29, the oxygen concentration remaining in the 
solution is almost constant in the whole sphere of radius R 
(i?=40ro), except for a central spherical region with radius 
of about 5 T-Q . At a given distance from the precipitate, oxy- 
gen concentration decays exponentially to the equilibrium 
value C with a tune constant tq given by Eq. (54). 

The spatial average of oxygen concentration remaining 
in the solution C„ , usually measured by IR absorption, veri- 
fies this relation. 



-C 



= exp 



To 



(56) 



which allows one tq determine the value of C' from the 
intensity of the 1 107 cm~^ absorption band, which is propor- 
tional to C^{t). . For long annealing time (f-^cQ), with 
Co>C', Eq. (56) becomes 

limC„(f) = C'. . (57) 

t-ita 

Taking into account that the total oxygen content is con- 
served, we have 

• ^irR^Co-C^m^lirrllCp-C^it)]. (SS) 

From this equation and considering Eq. (50), we obtain 

Co-CJty=WoN[Cp-Cjt)]. (59) 

Since for f^oo c„(f) = C', Eq. (58) gives 

-[^] ■ ■ '''' 

Then, substituting this expression into Eq. (54) we can write 



R' 



1/3 



''=3D\C-^) ■ ^^^^ 

From Eqs. (61) and (50) the precipitate density N can be 
deduced, 

A comparison between Ham's theoretical predictions and 

experimental data has been reported in Refs. 143 and 144.. 
The authors studied dislocation-free Cz sUicon samples, an- 
nealed for a very long time, with interstitial oxygen concen- 
tration Cq~7 ± X 1 0 ^'^ atoms/cm^ as detemiined by lR- 
absqrption measurements. Oxide precipitates were assumed 
to be constituted by Si02 wi&" oxygen concentration 
C/,= 4.6X 10^^ atoms/cml 

.The direct xneasurement of C is not always possible, 
since it irequires samples annealed for a very long time, nec- 
essary for oxygen to reach the equilibrium concentration 
value. Fiulfaermore, duration of the suitable annealing de- 
pends on the temperature. For example, after 850 °C anneal- 
ing the value of C was not yet reached after 800 h heating. 
For lower temperatures (below 750 "C), even 2000 h were 
hot enough to reach the equilibrium concentration value. 
This problem can be overcome by measuring at different 
times the amount of oxygen C„(f) remaining in the solution 
after the anneahng time t, and extrapolating the value of 
C^(a>) which is equal to C according to Eq. (57). 

Figure 30 (crosses) reports normalized to the ini- 

tial oxygen concentration Cq after different annealing times 
at 850 °C. The figure clearly shows that, after an initial tran- 
sient (about 50-100 h) where a rapid reduction of oxygen in 
the solution" occurs, the O concentration slowly ' decreases, 
thus approaching the equihbrium value C' . Once C' is "de- 
termined, the value of Tq can also be easily deduced, taking 
into account Eq. (56), from the plot of 
[,C^{t) — C'y{CQ—C'.) as a function of time after the initial 
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C*=2.5 X 1016 atoms/cm3 

-r„=5.6 X 10-5 s . 
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FIG. 30. IR absorption at 1107 cm"' nonnalized to initial oxygen concen- 
tralioD C„(t)/Cg (crosses) and [C„(f)-C']/(Co-C') (triangles) for dif- 
ferent annealing times (fcom Ref. 144). 



transient (see triangles in Fig. 30). The values of Tq obtained 
by Newman et aL^^^ are reported for different temperatures 
in Fig. 31. From the values of tq the precipitate density N 
can then be calculated via Eq. (62) using a known value for 
the diffusion coefficient D. A comparison between the values 
of N calculated in this way (open circles) using 
£> = 0.07 exp(-2.44//cr) (where kT is in eV, as proposed 
by Mikkelsen^^'^^) and those obtained from etch-pit (crosses) 
and SANS measurements (open squares) are reported in Fig. 
32. The very good agreement among the A*" values obtained 
with different experimental techniques (considering also 
their uncertainty) gives an important confirmation of the va- 
lidity of the diffiision-limited kinetic model used to derive 
Eq. (62). ' - 

The radius of precipitates rg can be deduced from Eq. 
(59) using the obtained N values; Figure 33 shows Tq as a 
function of the annealing temperature after a long heating 
time. Furthermore, the figure repert-s for comparison the ra- 
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FIG. 31. Hme constant Tq as a funfetion of annealing temperature (from Ref. 

143). 
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FIG. 32. Density of precipitates as a function of annealing temperature, as 
detennined by etcti-pit counts (crosses), kinetic model (circles), and SANS 
results (squares) (ftom Ref. 41). " 



dius of precipitates derived for the same samples by. different 
techniques, . such as neutron scattering, etch-pit measure- 
ments, and optical scattering (see Sec. IV). It is interesting to 
underline that the agreement among the values of .ro obtained 
by different techniqiies is remarkably good. 

In alternative to calculating of N from the kinetic data 
using D taken from Ref. 54, one can use the experimental A'' 
values obtained from etch-pit measurements together with 
th6 kinetic data to obtain the diffusion coefficient D. The 
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104/T(K-i) 

FIG. 33. Temperature dependence of precipitate radius derived from IR data 
and Miietfc model (circles), SANS (crosses), etch-pit density (squares), and 
optital scattering (+). ITie soUd line represents the best iit (from Ref. 145). 
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value for D obtained in such a way, for temperatures down to 
650 °C, is . ' 



Z) = 0.02 exp(-2.42/A:D, 



(63) 



where kT is measured in eV. A comparison betweea the val- 
ues of D obtained from the kinetic data and those reported in 
the literature is shown in Fig. 12. A more complete analysis 
of available experimental data over 12 orders of magnitude 
has been presented in Ref. 145 (see Sec. II B 4). 

2. Spherical precipitates with increasing radius 

The above-reported analysis which gives important re- 
sults on the precipitation mechanism is strongly limited by 
the hypothesis that the precipitate radius tq is constant dur- 
ing annealing and is equal to the steady-state value. This 
limitation was overcome by an extension of Ham's theory 
taking into account the growth of the radius of precipitates as 
a function of annealing time.'^'"' The analysis can be limited 
to spherical particles since for the ellipsoidal ones only nd- 
nor differences in. the results are expected. . This allows 
Ham's theory to be applied also to samples subjected to 
long-time heat treatment, where, as it is well known, precipi- 
tates are ellipsoidal. The assumptions for this more general 
model are: 

(i) The precipitates form and grow as identical spheres 
with rQ<R, arranged in a simple cubic lattice, and 

(ii) the concentration of precipitates N and the diffusion 
coefficient of oxygen D remain constant with the an- 
nealing time. 

Following the same procedure as in Sec. Ill B 1, the solution 
of Eq. (44) for growing precipitate radius is given by the 
relation''^ 



1 l [u\t) + u{t)+l]lu\0 y 
- I'll r ■i,,^_o.■..^^n^..^/ 



■2m(0)+1] 



6 I [u^{t)-2u(t) + 1][m^(0) + «(0) + 1] 



1 



tan 



iM(0 + l\ 1 _,/2k(0) + 1\ 



where 



D /(Co-COd+Z)^''' 
C,-C' 

rlmCp-C) 
R\Co-C') ' 



«(f)= 1- 



P(t) 



P(0)(1+Z) 



1/3 



and 



p(0=c„(?)-c'. 



(64) 

(65) 
(66). 
(67) 

(68) 



The parameter Z, known as the Zeldovich factor, is the fracr 
tion of oxygen atoms in the precipitate at i=0 (i.e., inune- 
diately after nucleation). The value of Z in this case is 0.01 
and may be assumed zero without any significant errors. 

Equation (64) gives therefore the kinetics of oxygen pre- 
cipitation as predicted by the difiusion-limited model. The 
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FIG. 34. (a) Interstitial oxygen concentration as a function of tlie reduced 
parameter Kt for different temperatures: 650 "C (open circles); 700 °C 
(closed triangles);, 750 °C (+); 800 °C (Open triangles up); 850 °C (open 
triangles down); 900 "C (closed squares); 950 °C (open squares); 1000 °C 
(solid circles), and 1050 °C (crosses) (fiomRef. 41); (b) precipitated oxygen 
concentt^pn as a function of Kt. 



solid line in Fig. 34(a) illustrates the quantity 
(C„— C')/(C'o— C) as a function of Kt, as obtained from 
this equation, while the quantity l-(C„- C')/{Cq-C'), 
giving the concentration of oxygen precipitated, is shown in 
Fig. 34Cb). The behavior of (C„- C')/(Cn~ C) vs Kt 
clearly shows two different regions. In the first one, where 
(C„-C')/(Co— C')>0.5 (i.e., for very short annealing 
times), Eq. (64) can be approximated by the simple relation 



c 

r=exp(-ySf3«), 



where 



'2£>\3'2/Co-C'\*« 



(69) 



(70) 



La the second one, where (C„-C')/(Co-C')«0.5 (i.e., 
for long annealing times), Eq. (64) can be approximated by a 
straight line. 



C —C 



(71) 
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TABLE V. Values of the constant K and the oxygen concentratioa C as 
determined by a fitting procedure, on the basis of IR-absorptioE data on 
samples annealed at different temperatures (from Ref. 41). 





& 


c 
t- 




11 } 




650 


1.65 


0.078 


700 


2.10 


0.110 


750 


2.30 


0.120 


800 


2.80 


0.128 


850 


3.50 


0.142 


900 


5.00 


0.290 


950 


6.20 


0.510 


lOOO 


6.50 


0.710 


1050 


6.80 


1.640 



where 



i\ 1/3 



(72) 



ZD \Co-C' 

Considering that Z=^0, from Eqs. (65) and (72) we obtain 
1 



(73) 



It is worth noting that Eq. (71), which gives the long- 
time behavior of C,„(f), generalizes Eq. (56), obtained m the 
approximation of constant precipitate radius. Indeed, apply- 
ing the condition of Eq. (60) to the definition of r [Eq. (72)], 
tlie relation t=/?^/3D/-q is obtained, which is exactly the 
quantity Tq defined in Eq. (54). From the analysis performed 
on the basis of Ham theory the evolution of the precipitate 
radius r as a fimction of time can also be deduced. 



drit) C„{t)-Cl D 



dt Cp-C r(t)' 
Considering Eq. (71), Eq. (74) becomes 
dr(t) _^CQit)~C' D 



Cp-C r(f)^''P\ r 



and integrating this expression r{t) can be found. 



r\t)=2rD 
Forf<«T, 

r\t)^2D 



■c 



-expl — 



Cp-C 



in 



(75) 



(76) 



(77) 



Therefore, in the early stages of precipitation the particle 
volume increases as i^'^. 

Comparing the experimental results with the predictions 
of Ham's theory, Livingston et cdJ^^ determined by a fitting 
procedure the values of K and C at different temperatures 
from Eq. (64), the value of initial interstitial oxygen concen- 
tration Cq, and the average concentration of oxygen remain- 
ing in the solution C^{t) after different annealing treatments 
when measured by IR absorption. The results are reported in 
Table V. From K and C the quantity [C„(f)-C']/ 
(Cq — C') can' also be determined as a function of Kt from 
IR experimental data. These data [experimental points in Fig. 
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EIG. 35. Time dependence of precipitate radius for different annealing tem- 
peratures derived from Eq. (74) (ficoin Ref. 41). 



34(a)] for different temperatures are in very good agreement 
with those' predicted by the Ham's theoretical model [solid 
line in Fig. 34(a)], thus confirming the validity of the model. 
. The spread of some data can be related to the errors affecting 
Cq and C„(f) measurements. The broJcen lines in Fig. 34(a) 
take into account the uncertainty of about 10% in these con- 
centration values. 

The knowledge of tlie values of K and C' allows one to 
calculate the radius of precipitates for different annealing 
times and temperatures from Eq. (74). As an' example, in Fig. 
35 the results taken from Ref. 41 for 750, 850, and 950 °C 
annealing temperatures are shown. It is possible to see that 
the value of r(t) increases in the early stages of the precipi- 
tation process, becoming almost constant for annealing times 
as long as 200-300 h'depehding on tfieltisttipesratufe. ^ 

The experimental assessment of the diffusion-limited 
model for oxygen precipitation in silicon is very convincing. 
Nevertheless, an analysis of the data reported in Fig. 34(a) 
reveals that some values of [C^(r)-C']/(Co— C) for Kt 
in the range from 0.5 to 1 and for heating temperatures from 
750 to 900 °C are lower than the values predicted by Ham's 
theory. This enhanced precipitation has been explained by a 
systematic decrease of the precipitate concentration A'^ with 
increasing annealing temperature, whereas Ham's theory as- 
sumes N to be constant. This reduction, confirmed by SANS 
measurements,''*^ may be due to the fact that as precipitation 
j-proceeds some of the smaller particles dissolve while the 
larger particles continue to grow. Another possible explana- 
tion comes from the fact that the precipitates can assume 
shapes different from the sphere, as confirmed by TEM and 
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FIG. 36. Tiine dependence of precipitate volume for different annealing 
temperatures as determined from Ham theory (solid lines) and from experi- 
mental data (solid circles). Annealing temperatures are indicated in °C (fiom. 
Ref. 123). 



SANS results'*^' and widely accepted, which are not consid- 
ered ia the model. 

Wada etal., who studied silicon samples annealed for 
different times at the temperatures of 750, 850, and 1050 °C 
by TBM,'^^'^''^ found that oxide precipitates grow in two 
dimensions with constant thickness of about 40 A. The pre- 
cipitate density ranges from lO" cm~^ at 750 °C to 10* cm~^ 
at 1 050 °C. On the basis of these data and assuming that the 
results of the diffusion-limited theory of precipitation are 
valid also for the actual square-shaped platelet precipitates, 
they compared experimental values of the precipitate volume 
to the predicted fanction V{T,t) derived from Eq. (77). Fig-^ 
ure 36 shows the results of Ham's theory (solid lines) and 
experimental values (solid circles). In spite of the good 
agreement, the extension of the model to platelet precipitates 
has not been justified. Furthermore, the two main assump- 
tions made in Refs. 123 and 142, i.e.,. that the thickness of 
precipitates remains constant during growth and that the rate 
of volume change of a platelet precipitate is equal to that of 
a sphere, have been considered to be incorrect. '-^'''^^ A model 
for the growth of platelets has been developed and is illus- 
trated in the following subsection. 



3. Disk precipitates with varying thiclcness 

The study of the growth of platelet-shaped oxygen pre- 
cipitates in silicon is of particular interest, since that shape is 
favored when the Si wafers are heated in the temperamre 
range of device processiag. Here the analysis carried out by 
jjyiM.M? applying thfc diffusion-limited growth model is 
reported. 

The author starts from the hypothesis that the thickness 
h of the precipitates is not constant during the growth and.^ 
that the rim of the disk is a perfect sink for the. excess oxygen 
atoms. In this case the total diffusion flux through the disk 
surface giving the rate of volume change is 
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FIG. 37. Dependence of the aspect ratio Rfhs on normalized disk radius 
(from Ref. 147). 



F„{82?D[C„,(~)-C„,(0)]}= - i^rr^h). 



(78) 



where R is the radius of the disk, is the precipitate vol- 
ume per oxygen atom in it, Cgjpo) and Cox(0)=C' are oxy- 
gen concentrations far from and on the Si/precipitate inter- 
face, respectively^ Considering that at a given volimae the 
disk is the shape which minimizes the strain energy AG^. 
(see Fig. 40 in Sec. HI C) while the interface energy AG^ is 
maximized (see Fig. 39 in Sec. Ill C), the equilibrium exists 
only for one particular value of the ratio R/h, which may 
Vary with R. This value can be found by minimizing the total 
free energy of precipitates, obtaining the following implicit 
relation between R and R/h, 



{Rlhsf 



hi(i?/Aj) + bi(8/e2)' ("^^^ 

where L is a constant that in our case is equal to 0.89 A and 
s is the lattice displacement per unit thickness of the disk 
(about 0.24 for SiOj in silicon). Equation (79) is plotted in 
Fig. 37 which reports the aspect ratio RIsh vs RIL, i.e., the 
variation of the precipitate thickness at different disc radii. 
Relation (79) can be written exphcitly if the logarithmic fac- 
tor is regarded as a weak power function of Rlh. Introducing 
the average quantity (R/hs) Eq. (79) can be written as 



h=s-^iL/py-"'R"', 



where 



1 2 \n{R/hs} + hi 64-6 

2 2 hi(i?/fc) + ln64-5' 



(80) 



(81) 



and 

p={R/hsy^-^'"^"^^~'"\}ai(R/hs)) + la 8-2]. (82) 

For . precipitates with radius very large with respect to the 

thickness m is about 1/2. 

From Eq. (80) an interesting result of the analysis can be 
obtained. Substituting that expression for h in the total free 
energy of the platelet precipitates, under the assumption of 
precipitates with very large R/h (therefore »i=0.5) and in- 
tegrating, one obtains 

which is exacfly the time dependence found in the previous 
subsection. 
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C. Precipitate morphology 



An interesting feature of precipitate morphology is its 
dependence on the annealiag temperature. Three temperature 
ranges have been related''''''^''^'''^^"^^" to the three typical pre- 
cipitate shapes, i.e., the needle, the disk, and the polyhedron. 
At low temperatures (about 400-650 °C) precipitates 
■ grow as needles"^'"^-'^''''^" made of a high-pressure SiO, 
polimoiph, which is coesite. In this temperature range the 
strain-energy contribtition to the precipitate total free energy 
dominates, since the stress-relieving processes (which be- 
come important at higher temperatures) play a minor role. 

At intermediate temperatures (about 650-950 °C) disk- 
shaped precipitates are typical^"''^'"'*^ (although they can be 
formed also by short high-temperature annealing). Self- 
interstitial emission and dislocation-loop formation can par- 
tially release the surface strain, therefore making the strain 
energy less important for shape determination. Moreover, 
strain energy is further diminished by the decrease of pre- 
cipitate thickness, with the concomitant increase of surface, 
energy. 

At high temperatures (above 950 °C) strain is completely' 
released and the precipitates take the shape with minimimi 
surface energy.^^'^'^^''^"-^^' Due to the anisotropy of interface 
energy, such a preferential shape is the octahedron with eight 
equivalent {111} faces (surface energy of silicon is minimum 
in the {111} planes) instead of the sphere. 

A lot of experimental results, mainly obtained from TEM 
investigations, confirm these trends (see Sec, IV B). In the 
following a qualitative description of the factors determining 
precipitate morphology is presented and some interesting 
conclusions derived. 

1. Precipitate free energy 

The general features of precipitate morphology can be 
justified on the basis of thermodynamics, considering the dif- 
ferent contributions to the total free energy AG^t associated 
with the oxygen precipitation process and their dependence 
on precipitate shape, annealing time, and temperature. As- 
suming the precipitates to be far apart, i.e., neglecting their 
possible interactions, and studying precipitate formation in 
regions of the silicon crystal far away from other defects, 
AGtot can be considered as th& volume free energy available 
for SiO^ formation in the regions far from the growing pre- 
cipitates and as*^°" 

AGtot=AG^+AG5+AG£, (84) 

where AG^ is the free-energy contribution associated with 
the phase change at the silicon/precipitate interface, AG^ is 
the free-energy contribution related to the oxygen transport, 
and AGs is the excess free energy. This last term is associ- 
ated with the creation of interface energy AG^ , strain energy 
AG(^, and interstitial-related energy AG/ and can be ex- 
pressed as their sum, 

AG£=AGy+AGo.+ AG/. (85) 

In the following the various contributions to AG^t are dis- 
cussed in detail. 

Little is known about the energy required for the growth 
of the Si-SiOj interface. The phase-change free energy AG^ 
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FIG. 38. Dependence of energy contribution of O, transport on y/R for two 
precipitate growtb velocities and for sliort annealing times (from Ref. 150). 

can be considered proportional to the rate of sUicon oxida- 
tion arid only slightly dependent on crystal orientation. AG^ 
gives in general a small contribution to AG^t, because the 
precipitate growth velocity is small. 

The energy requhed for oxygen transport to the precipi- 
tate surface is a function of the precipitate shape because also 
the dependence of C^^ on the distance from the precipitate 
varies with the precipitate shape. AG^ can be expressed as a 
function of precipitate shape aspect ratio y/R, where the gen- 
eral precipitate shape is a spheroid having axes 2R 
=2/?7!=2y, and therefore y/R = 0 results in a disk, y/R= 1 in 
a sphere and y/R = °o in a needle. Figure 38 shows the AG^ 
dependence on y/R in the case of two precipitate growth 
velocities and for short annealing times. Spherical precipi- 
tates clearly dominate, leading to the minimum iii AG^ . For 
long times the AG^ contribution is minimum for the needle 
shape, which is therefore favored. 

The first contribution to AG^, interfacial energy AG.^, 
depends on the surface area as well as on the degree of 
coherence of the Si/Si02 interface. Considering a coherent 
interface, with free' energy per unit area y constant and iso- 
tropic, at a fixed particle volume A G^ is minimum for the 
sphere, and this maximizes the volume/surface ratio. Never- 
theless, since perfect coherence only rarely is achieved, the 
interfacial free energy is usually higher with respect to the 
ideal case. For semicoherent precipitate interfaces yis modi- 
fied as 

y' = 7+g, . . (86) 
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PIG. 39. Interfacial eneigy dependence on y/R for a coherent (7<;) and for 
an incoherent (yj) interface (from Ref. 150). 
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FIG. 40. Strain energy dependeace on y/R (ftom Ref. 150), 



FIG. 42. Tune dependeace of the different contributions A/t„, 
a=K,S,(r,I,y and their sum A/i^t (from Ref. 150)." 



where g depends on the crystal elastic constants and on the 
interface degree of coherence, while the AG^ dependence on 
y/R, illustrated in Fig. 39 for both cases, is qualitatively 

preserved. 

Interface coherence also influences the strain energy 
contribution AGq., together with the degree of elastic isot- 
ropy of silicon and silicon oxide.' Given these factors, the 
precipitate shape is the only parameter affecting A G,^. In 
Fig. 40 the dependence of AG^ on the aspect ratio ylR is 
illustrated and clearly demonstrates that this contributioii to 
the total free energy favors disk-shaped precipitates. 

The last contribution to AGg is the free energy of inter- 
stitial point defect formation AG/. In the case of constant 
growth velocity, self-interstitial concentration is diaxi-' 
mum close to . the precipitate (i.e.',' at r= rp) and reaches a 
constant value for very large distances from the precipitate 
(/■— ^oo). The value C^rp) is maximum for diskoidal par- 
ticles, lower for needles, and minimum for spheres, although 
the differences are very small. Therefore, the AG/ follows 
the same trend, as shown iff Fig. 41 for two values of the 
parameter D/T,, where D, is the diffusion coefficient for 
self-interstitials and Tj their difhision time. In any case, AG/ 
is small compared to the other contributions to AGfof 

2. Influence of annealing temperature and time 

The analysis of the time dependence of the free-energy 
contributions described in the previous subsection gives in- 
formation about the most probable precipitate shape during 
annealing, while their temperature dependence allows one to 
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FIG. 41. Dependence of the energy required for seLf-interstitial creation on 
yJJi for two values of D,t, (D, is the diffusion coefficient for self- 
interstitials; Ty is the interstitial diffusion time) (from Ref. 150). 



predict the precipitate shape after a particular annealing. On 
this basis a significant comparison with experimental results 
can be made, although only qualitative arguments are pro- 
posed. 

In Fig. 42 the tinie dependence of the free energy per 
interstitial O atom A/J,a=d{AGJ/dCox, ct=K, 5, y, <r, /, " 
tot, is reported. A/i^ is proportional to the growth velocity, 
which reaches a maximum and then slows down for t—^.'^, 
when .O transport is limited. Moreover, this long-time hmit 
of oxygen transport makes the contribution A/i^ increase 
with time, as shown in the figure. A/z^ is inversely propor- 
tional to the spheroid axis length R which increases with 
time, so that it decreases with increasing time. Finally, A/i/ 
tends to saturate for long times as self-interstitials are cre- 
ated. From Fig. 42 the shape of oxygen precipitates in the 
early stages of precipitation turns out to be the sphere, which 
minimizes the dominant contribution A/j-y. This conclusion, 
confirmed by TEM observations, supports the hypothesis of 
the Ham precipitation theory about the shape.of precipitation 
nuclei. 

To study precipitate shapes after long-time treatments, 
i.e., in the equilibrium state, the temperature dependence of 
the free energy per interstitial O atom also has to be ana- 
lyzed. "The general trend of all A/i^, terms is to increase with 
decreasing T, while only A/j., shows an opposite behavior. 
At low temperatures the growth velocity decreases, conse- 
quently the rate of self-interstitial emission decreases as does 
ApLf. Figure 43 shows all the terms A/j.^ as function of 1/J. 
Looking at this figure, at low T AG^ and AG^. turn out to be 
the most important contributions to the total precipitate free- 
energy. From Figs. 38 and 40 AG^ appears to give needles. 
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FIG. 43. Temperature dependence of the different conttibutions Ap.^ 
a=K,S,cyJ,y and their sum A/i^t (from Ref. 150). 
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and AGg- disks. Nevertheless, the disk shape is related to a 
low stress and coesite, which has been found to compose the 
precipitates grown at low temperatures and which is a high- 
pressure oxide polimoiph, cannot be stable. Considering Fig. 
38, the sphere should be even more probable than the needle, 
. but it should not be favored by AGg for long annealing times 
(see Fig. 42). Therefore, the needle shape is the most likely 
one for the coesite precipitates, grown at low temperatures. 

At intermediate temperatures AG5 promotes the forma- 
tion of needlehke precipitates. On the other hand, AG^ is 
minimum for the disks, while AG^ is high (see Fig. 39). 
Nonetheless, this last contribution can be lowered by a good 
coherence of the interface, achievable along {100} planes by 
both cristobalite and amorphous SiOj. Therefore, amorphous 
SiO, disks lying along {100} planes are the most probable 
precipitates after intermediate-temperature annealing. 

. Finally, at high temperatures the precipitates are usually 
octahedra with {111} and {100} faces. Due to the high oxygen 
difEusivity and solubility limit at high T, AGs is very small. 
Moreover, stress is almost completely released, i.e., A G^ is 
also small, and interface coherence is no more critical. 
Therefore, AG^ is the oidy contribution to take into consid- 
eration. This contribution is minimum for the spherical shape 
when the surface energy y is isotropic, while a faceting of 
the sphere occurs when y is anisotropic (as in the case of 
silicon). The planes with minimum surface energy in Si are 
the {111} and {100}, therefore, the octahedron resulting from 
faceting presents faces along those planes. These arguments 
are completely in agreement with the experimental findings. 

D. Phenomenology 

Oxygen precipitation in dislocation-free single-crystal 
silicon can be influenced by many factors. Both crystal char- 
acteristics and aimealing treatments performed on the wafers 
during device processing are important in determining oxy- 
gen precipitation. The main factors to be considered are: in- 
terstitial oxygfcn concentration, interstitial oxygen distribu- 
tion, preaimealing conditions, annealing temperature, 
annealing time, annealing sequence, annealing ambient, im- 
purity and dopant concentration, impurity and dopant distri- 
bution, point defect concentration, extended structural crystal 
defects (dislocations, twins, etc.), and wafer surface condi- 
tions. 

The earliest studies of defect generation during low- 
teriiperature (450-1000 °C) annealing of Cz-grown wafers 
were based on electrical measurements '^•^^^••^^^ ■ and JR 
spectroscopy. '^■'^''■'^^ At the beginning the major interest was 
devoted to oxygen-related donor states formed upon anneal- 
ing. Structural characterization of the lattice defects formed 
during single-step thermal treatments started to be important 
at the end of the 1970s. During the 1980s, a much more 
comprehensive study of the oxygen precipitation process oc- 
curring upon complex annealing sequences [such as, for ex- 
ample, that simulating complementary metal-oxide- 
semiconductor (CMOS) process] was performed by several 
authors.'^^-'^' 

Commercial Cz silicon wafers always undergo a donor 

killing treatment by the manufacturer, and even more cooling 
of ingots duriiig the crystal pulling corresponds to a low- 
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temperature treatmeilt for several hours. All these procedures 
differ from one manufacturer to another. Therefore, the ther- 
mal history of "as-received" wafers can significantly differ 
and this explains the large spread in the results of different 
studies. 

In spite of the mentioned scattering in the characteriza- 
tion results, related to the high number of parameters influ- 
encing oxygen precipitation, some general trends have been 
found and are worth illustrating as a "phenomenology" of 
oxygen precipitation in silicon. We first consider the effects 
of thermal treatments and then the effects of different impu- 
rities and dopants present in the silicon crystals. 

1. Thermal history effect 

Device' producers are extremely concerned about the 
amount of precipitated oxygen and die rate of precipitation 
for a given range of uiitial oxygen concentration.'^* It is 
often found that in wafers cut from the same crystal with 
equal initial oxygen concentration and subjected to the same 
heat treatment oxygen precipitation can take place in differ- 
ent ways. Several authors have shown^^''^^° that oxygen pre- 
cipitation is significantly affected by the thermal history of 
the sample. The thermal history is generally understood as 
the in situ annealing to which Cz crystals are subjected after 
solidification in the crystal puller, varying along the crystal 
axis. The temperature variation along a silicon crystal during 
pulling is due to the fact that the seed-end portion of a crystal 
spends more time at a given temperature than the tang-end 
portion. This variation m thermal histoiy along the grown 
crystal affects the amount of oxygen which 
precipitates, the formation of microdefects,'^^ the 
minority-carrier lifetime,'^^ and, therefore, the device 
yield^^ (see Sec. V). Thermal history of the crystal , also 
depends on the diameter and the length of the ingot, the 
shape of the ingot bottom, the pulling rate, the puller type, 
the hot-zone configuration, and the time that the ingot re- 
mains inside the puller in the course of growth process. An 
illustration of the temperature distribution along tlie ingot 
and in the puller during crystal growth is given in Fig. 44 as 
obtained by computer simulation of thermal history by Virzi 
and Porrini.^^^ The thermal history effect is always present: 
It is often enhanced by the high oxygen content in the seed- 
ead portion of the ingot, and is influenced by the high tang- 
end impurity concentrations. As an example, an ingot with a 
higher carbon content may show a lower thermal history 
dependence with respect to one with lower carbon content, 
due to the fact that carbon is a possible factor of oxygen 
precipitation enhancement. Whether the thermal history 
influences oxygen precipitation in the wafers after a subse- 
quent thermal treatment depends also on the initial interstitial 
oxygen content Cq , and on the amount of oxygen that pre- 
cipitates A Cox during the thermal treatment. In other words, 
it depends on the function ACo^^— Cq vs Cq for the particular 
heat cycle. '^'^ 

In order to reduce the influence of thermal history and 
improve the axial homogeneity of oxygen precipitation, sev- 
eral different approaches were jfound and are recommended. 
As shown by Fraundorf et al}^° the thermal history effect 
can be erased to a large extent by a high-temperature anneal- 
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FIG. 44. Temperature distribution, along the ingot and in the puller during 
crystal growth, obtained by computer simulation (from Ref. 165). 



ing treatment (1320 °C for 3 fa). To this purpose, high- 
temperature annealing was applied for as-grown precipitate 
dissolution and interstitial oxygen homogeaeization, as de- 
scribed earlier by Sfaimura'*' and by Jastrzebski et al}^ On 
the other hand, Fusegawa and Yamagishi^^' found that a low- 
temperature. (450 °C for 2-h in O2) preheating improves the 
axial uniformity of oxygen precipitation resulting after a 
two-step anneal treatment (800 °C for 4 h in N2+ 1000 °C for 
16 h in O2). - 

Inoue and co-workers''^' found that there is an incuba- 
tion time for the nucleation of oxygen precipitates and that 
the density of nuclei reaches a saturation value after some 
period of annealing. This incubation period depends on the 
thermal Hstory of the crystals,!^' as well as on the nucleation 



Several authors ''^''^''™ have shown the importance of 
low-temperature interval during the thermal history of the 
wafers. Recently, Fraundorf, Fraundorf, and Craven'^' pro-, 
posed the existence of a metastable oxide precursor phase 
with maximum nucleation temperature of about 600 °C. 
Such precursors have a high surface-to-volume ratio and act 
as seeds for the most common platelet-type oxide precipi- 
tates, which have a maximum nucleation rate at 750 °C. The 
precursors form during the crystal cooling process and may 
also grow fixim the thermal donors. '^^'"^ 

However, although a single-step preannealing at low 
temperature may be useful in certain thermal treatments, Fu- 
segawa etal}^^ have recently shown that before specific 
thermal treatments during CMOS fabrication a two-step pre- 
annealing treatment is needed. la particular, they have shown 
that annealing at 450 °C for 2 h followed by a second step at 
650 °C for 2 h is very effective in obtaining a uniform dis- 
tribution of oxygen precipitates along the crystal growth 
axis. 

Thermal history effects can also be reduced using an- 
other approach, i.e., by performing a high-temperature rapid 
thermal annealing (1200 °C for 2 min in Ar atmosphere) 
prior to a two-step annealing, as proposed by Chiou.'^"^ 



2. Effect of single-step annealing 

When studying nucleation and precipitation of oxygen in 
silicon sijigle crystals it is essential to start from a standard 

175 

specumen. 

■ The ideal conditions would be the following: treatment 
for as-grown precipitate dissolution and Cq^ homogeneiza- 
tion at very high temperature (1320 °C); measurement of in- 
terstitial oxygen and substitutional, carbon content; isochro- 
nal or isothermal annealing treatment. 

Since ideal conditions are not met systematically, it is 
difficult to compare the experimental results obtained by dif- 
ferent authors. Nevertheless, from the large amount of ex- 
perimental data on oxygen behavior in. silicon upon thermal 
annealing, some overall considerations could be made. 

Generally, a thermal treatment is considered single step 
when the "as-received" wafer is annealed for the first time 
and only once. The high-tsmperamre treatment usually per- 
formed to dissolve the as-grown precipitates is not taken into 
account. Oxygen agglomerates formed upon single-step ther- 
mal treatments can be divided in two major categories on the 
basis of their electrical activity: 



temperature'^' and the interstitial oxygen content 
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(i) thermal donors; 

(ii) electrically inactive precipitates. 

Such a division is further supported by the fact that ther- 
mal donors are typically not directly visible by microscopic 
techniques and could be only revealed by electrical measure- 
ments, while the other precipitates have larger dimensions 
and aire directly visible by means of TEM or high-resolution 
TEM (HREM). 

Here we give only a brief overview of the electrically 
active structares. For general overviews on thermal donors' 
the reader is referred to Refs. 82 and 176-179. 
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FIG. 45. Donor generation rate as a function of annealing temperature for 
different initial interstitial oxygen concentrations: 40 ppm (open circles), 37 
ppm (triangles), 32 ppm (squares), and 24 ppm (closed circles) (from Ref. 
197). ■ 



a. Thermal donors, (a) Old thermal donors: Since the 
early work of Fuller et al}^^'^^° it is now well established 
that heat treatment of Cz-grown oxygen-rich silicon in the 
350-500 °C temperature range generates microdefects which 
act as shallow double donor centers, called thermal donors. 
These centers are often referred to as old theraial donors 
(OTP), since they were discovered previously with respect 
to other types of donors. According to the original idea of 
Kaiser, Frisch, and Reiss'*' it has been widely accepted that 
OTP are small oxygen aggregates- formed at the early stage 
of oxygen precipitation. Despite an overwhekoing number of 
articles dealing with these donors, their atomic structure and 
the origin of their electrical activity are stiJI not understood. 
OTD formation has been studied by a large number of ex- 
perimental techniques: Resistivity measurements,'^^''^^ IR 
absorption,'-'-*^**- phbtblu^ Hall effect; '^^-'^^ 

electron paramagnetic resonance,'^''^'° electron nuclear 
double-beam resonance,''''**^ and deep-level transient spec- 
troscopy (DLTS)."^-'" Since these'defects are undesirable in 
commercial silicon wafers, they are usually eliminated by 
heat treatments above 500 °C for a few hours. 

Several studies^^*-'^^'^^^ showed that the OTD are double 
donors with ionization energies of about 70 and 150 meV. 
Eleven neutral OTD° and nine singly charged OTD* species 
have been observed in IR spectra.'^* The individual OTD° 
and OTD"*" species have slightly different ionization energies 
ranging from 69.2 to 49.9 meV and from 156.3 to 116.0 
tneV. Very recently Gotz, Pensl, and Zulehner'^^ have re- 
ported the existence of five new effective-mass-like OTD 
species. They are supposed to develop from the known OTD 
species via additional atoms. The chemical nature of these 



atoms is not yet identified, but it is believed that oxygen 
plays an important role in the formation of such nuclei: 

A generation rate of the OTD proportional to the fourth 
power of the interstitial oxygen concentration was found. 
Recent results of Londos etaL^^^ show a strong deviation 
from the fourth power dependence for several heating tem- 
peratures, although they are in agreement with that law for 
annealing close to 450 °C. The increase of the number of 
OTD is proportional to the annealing time, the proportional- 
ity factors depending on the treatment temperature. The gen- 
eration rate is maximum at 450 °C and shaqjly decreases for 
both low and high temperatures, as shown in Fig. 45. The 
formation kinetics of the individual OTD does not follow the 
monomolecular law which is observed for the total OTD 
concentration. The generation rate of each donor state is 
different and can be studied by IR absorption. The linear 
relation between the oxygen loss from the solution and the 
OTD formation rate shows a derivative varying from below 
two to nine in the temperaturft range 300-500 °C.^'^ This 
mdicates that oxygen ditoerization controls the OTD forma- 
tion kinetics, but that the dimers become increasingly un- 
stable above 400 °C. 

Activation energy for OTD formation is recently re- 
ported by Clayboum and Newman^'' to be 1.7 eV for at least 
six of the nine different OTD."^. Their low activation energy 
is the main; problem for understanding die nature of the 
OTD. 

It was found that, different impurities have a si^ficant 
impact on OTD generation. Some examples follow. 

High carbon concentrarion suppresses the OTD 
generation. '^''•^°°'^°' The concentration of generated OTD 
can be lowered by up to two orders of magnitude. 

Anneal in H plasma increases both the OTD concentra- 
tion and the oxygen loss from the solution in die temperature 
range 350-450 °C.''^ Such a treatment mcreases the OTD 
density much more than do furnace annealings. 

The influence of doping atoms on the OTD generation is 
still somewhat controversial. In some articles it is" claimed 
tiiat the donor concentration is increased in p-type material 
and unaffected by «-type doping; in some others^^^ 
similar results are reported for p-type material, with a re- 
duced donor concentration observed in n-type material. 

In spite of a very large number of articles published on 
ffie fdnnation of thermal doiibrs,^^^^ yet: a general 

agreement on dieir exact nature. While the original models 
relate the thermal donors to pure oxygen 
complexes, more recently models involving also 
vacancies^^'^*^ and silicon self-interstitials^^'®'^°^ have been 
proposed. 

The current view is tiiat oxygen is involved in the OTD 

cores and that the different donor states evolve sequentially 
by addition of oxygen or self-interstitial atoms. Nevertheless; 
the exact structure and composition of the OTD are still un- 
clear. 

(b) New ttiermal donors: Upon annealing at high tem- 
peratures a different type of oxygen-related donor states is 

Observed.1^3,155.182.200.208,209 T^^y ^^^^ 

(ND) and occur in the temperature range 600-900 °C, with a 
maximum generation rate at about 800 °C (see Fig. 45). 
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Their formation strongly depends on the interstitial oxygen 
concentration and hence they are not pbserved in FZ mate- 
rial. Ionization energy derived from Hall-effect 
measurements'^^ varies between 30 and 120 meV. 

The generation rate of ND is proportional to the 4.5th 
power of Cqx, i-e., very close to the behavior of OTD.'^^ It 
can be increased by a preanneal at about 470-550 °c,*^^'^*^ 
while for ND annihilation heating above 1000 °C is required. 
The ND generation is found to be higher in p-type than in 
n-type wafers.'^^ 

High carbon concentration present in the material accel- 
erates ND formation^^^'^^^ (while it retards OTD formation). 
Furthermore, Lerouei]Jle^^° found that ND formation is inhib- 
ited in crystals where the carbon concentration is below the 
IR detectability threshold even with high C^^ . This implies 
that carbon plays an essential role in the formation of the 
new donor complexes. Recently, Hahn et al}^^ have shown 
that carbon and oxygen coimplantation strongly enhances the 
ND formation. ND are most probably related to some kind of 
oxygen precipitates as they occur in a temperature range in 
which oxygen precipitation also takes place.'^''^ 

Several models have been proposed to explain the ND 
formation. Grinshtein et al}^^ proposed that large oxygen 
precipitates upon annealing dissociate in smaller complexes 
which then become electrically active, while Kanamori and 
Kanamori'^ extended the Helmreich-Sirtl model^ for 
OTD to the ND. Gaworzewski and Schmalz*^^ related ND to 
C-0 complexes formed at the initial stage of heat treatment. 
Pensl et al?"^ proposed a "SiO;^ interface model" relating 
ND characteristics to the interface states at the precipitate/ 
silicon interface and to boimd states in the SiO^ precipitates. 
Qian etiil?'^^ explained their formation by the dangling 
bonds on the small dislocation loops formed by the oxygen 
precipitation. 

Moreover, Wjaranakula and Matlock^'^ found that the 
donors observed upon annealing in the temperature range 
500-800 °C have a different nature in carbon-lean and 
carbon-rich material. They found that in carbon-rich material 
donor formation coiresponds to the reduction of substitu- 
tional . carbon, while interstitial oxygen concentration does 
not vary; therefore, they identify ND as carbon donors. 

(c)' Other oxygen-related 4onors: Besides OTD andND, 
some other oxygen-related donor states have been reported. 

In the low-temperature fange where" OTD are formed, 
the formation of a new type of shallow tennal donors with 
significantly lower concentration has been found, where ni- 
trogen seems to play a catalytic role.'^^'"^'^ These donors are 
single donors and at least seyen different, states have been 
identified with ionization energies between 34.7 and 37.4 
meV. 

Recently Kamiura et alr^^;^^'^ reported the formation of a 
new type of thermal donors upon prolonged annealing at 
450-470 °C in phosphorus-doped Cz silicon. They found 
them to be double donors with continuously varying ioniza- 
tion levels arid broad IR-absorption bands. These donors 
have a lower generation rate and a higher thermal stability 
than OTD. Kamiura, Hashimoto, and Yoneta^ showed that 
besides OTD and ND also a thurd and a fourth class of oxy- 
gen donor states formed at 520 °C could be distinguished. 



TABLE VL Lattice defect distribution" after single- and two-step annealing 
treatments. An indication of the dependence of defect density on the prean- 
nealing temperature is given by the numbers from I (minimum) to 4 (maxi- 
mum) (&om Ret 151). 



rcc) 



650 700 750 800 S50 900 950 1000 



Low-temperature Nj anneal: 

Rodlike 443 

Platelike .44433222 
Platelike with punching 12 2 2 

60°"dipoles 4 4 4 3 

90°dipoles 3 3 3 ,3 

With subsequent oxidation (1150 °C): 
Frank stacking faults 3 4 4 4 4 3 1 

Elongated loops 3 4 4 4 

Prismatic loops 3 3 3 3 3 3 3 3 

Octahedral prec. 13 4 4 4 

Platelike prec. 3 3 3 

Prismatic punch. 3 3 3 

Irregular loops 3 3 3 



b. Large electrically Inactive precipitates. Essentially 
four types of electrically inactive defects caused by oxygen 
precipitation are known to form after a single-step annealing: 
rodlike defects, platelike precipitates, dislocation dipoles 
(60° or 90° type), and prismatic dislocation loops (see Table 
VT).^^ Somewhat less-defined structures such as "loopites" 
and "blobs" were also reported.'^ These defects are consid- 
ered electrically inactive in the sense that they do not provide 
free carriers to the cotiduction or valence band; however, 
they could have a certain impact on electrical properties of 
silicon, producing deep traps and therefore influencing the 
carrier lifetime. 

(a) Rodlike defects: It is generally accepted that the rod- 
like (or ribbonlike) defects are formed upon annealing in the 
temperature range 465-750 <'c,^8.i5i.22i-224 although some 
disagreement still exists. '^^'^^^ 

Rpdhke defects have also been observed by TEM in 
samples subjected to ion implantation of many different spe- 
cies under self- or nonself-annealing conditions'"^"^^ and 
electron irradiation of Si in the electron microscope."^' 

The rodlike defects are generally aligned with disloca- 

1^1 '701 

tion dipoles ' ' and sometimes are found on dislocation 
cores.'^'-^^ They are stable for annealing below 700 °C, as 
found by Tempelhoff and co-workers,'^"^^ while above this 
temperature they transform' into elongated (110) narrow dis- 
location loops. Such behavior led the authors to conclude 
that rodlike defects are a preliminary state of the formation 
of dislocation dipoles. This idea is also worked out in the 
nucleation and growth model proposed by Tan.^^ 

The ribbonlDce defect density increases with anneal time 
and temperature and reaches a maximum at 650 °C, about 
0.3X10* cm~^. Similar values of defect density are reported 
by various authors.^'^-^^-^^^'^^" 

Structural characterization of these defects is performed 
by HREM (see Sec. rv B)."'^^'"^-'^"'^^!'^^ It is found that 
each defect consists of a different crystaUiae phase in the 
silicon lattice elongated along the (110) direction. The cross 
section of the largest defect is up to 6X1 imi^, while the 
length goes up to several micrometers. The (100) silicon/ 
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precipitate interface is incoherent, and fiirthermore, it is not 
strictly, but slightly, zig-zag shaped with small portions fol- 
lowing {411} or {311} planes'^-^^ (sec Fig. 58). On the other 
hand, the (110) interface is at least partially coherent. Pre- 
cipitates introduce a dilatation in the [100] directions. (100) 
planes are displaced by 0.18 a [100] to 0.27 a [100] depend- 
ing on the precipitate dimension, where a is the lattice con- 
stant 

Bouiret and co-workers^^ showed that dislocations of the 
dipoles formed during the low-temperature annealing are 
decorated by a rodlike precipitate. On the other hand, 
Bender'^' found such a decoration only on a small number of 
. dislocations. 

TempeUioff et al.'^^-^'^ and Yamamoto and 
co-workers^° on the basis of TEM and IR analysis attributed 
rodlike defects to some forms of SiO;^ precipitates. In addi- 
tion, Bourret''''''^^ and Bender'^' have identified rodlike de- 
fects present after low-temperature annealing of Cz sUicon as 
Si02 precipitates in the coesite phase. 

Other arguments supporting the interpretation involving 
coesite are clearly .outlined by Bender and Vanhellemont.^''" 
They are as follows. 

Bergholz and co-workers^^ showed that the balance be- 
tween the oxygen reduction measured in the wafer and the 
oxygen incorporation into rodlike defects made of coesite is 
very well fulfilled at 485 °C. 

The compressive stress on the precipitates is higher than 
the minimum pressure at which the coesite is a stable Si02 
phase. From the temperature-pressure phase diagram of co- 
esite, Bourret and co-workers^^ derived a pressure of 3 GPa 
for the transformation quartz to coesite. They have also 
shown the existence, of a critical radius of 1.2 nm, below 
which coesite precipitates are stable. 

After a subsequent high-temperature annealing step, dur- 
ing which the rodlike, defects annihilate, rows of octahedral 
precipitates along (Oil) directions are observed. "° It has 
been assumed that these are nucleated- on the remainders of 
the rodlike defects. Similar findings were also reported ear- 
lier by Gaworzewski et alP'^ 

On the other hand, several arguments againist this inter- 
pretation have been raised by Bourret,^'' 'Bender and 
VanheIlemont,^-'° Reiche, Reichei, and Nitzsche,^^ and Car- 
penter efcZ.^^- 

On those basis, Bourret""^ dropped the interpretation of 
the rodlike defects as coesite precipitates and proposed a new 
model involving hexagonal silicon. 

The presence of hexagonal silicon in ion-implanted 
samples under self-annealing conditions was already , re.- 
ported on the basis of electron-diffraction "data.^""^*- Hex- 
agonal silicon is also reported to form after mechanical de- 
formation at moderate temperatures.'^^'^^''^*' 

A good matching of the experimental images of the rod- 
Oke defects in oxygen-rich silicon with simulated images of 
the toesite structure along [100] direction exists;"-'^' how- 
ever, as shown by. Bender and Vanhellemont,^^- the simu- 
lated images of the coesite structure always look more com- 
plicated than the experimental images. 

One of the major objections against the coesite nature of 
the defects is the required enhanced interstitial oxygehiliffu- 



sion at the low temperature of defect formation. Contrary to 
the oxygen diffusion data, the reported values for the self- 
intestitial diffusion scatter over a wide range, depending on 
the method adopted. The silicon self-interstitial diffusion co- 
efficient reported by Bronner and Plummer'*' and by Mayer, 
Mehrer, and Maier^'*'^ is about three to four orders of magni- 
tude larger than the oxygen diffusion coefficient in the con- 
sidered temperature range. It means that the siUcon intersti- 
tial diffusion is fast enough to form the rodhke defects after 
the long tune annealings even at the lowest formation tem- 
peratures. 

It was pointed out earlier that the amount of oxygen 
involved in the formation of coesite defects at the. lowest 
temperatures and of coesite and platelike precipitates at 
higher temperatures agrees weU with the decrease of the in- 
terstitial oxygen concentration, as measured by IR spectros- 
copy. Therefore, the assumption of hexagonal silicon implies 
that much more iuterstitial oxygen must have precipitated in 
platelike form than usually assumed. This is not m contra- 
diction with the experimental findings since small precipi- 
tates (<5 nm) caimot be detected by HREM, and therefore 
an accurate estimate of the precipitate density and size dis- 
tribution from electron microscopy observations is not pos- 
sible. Since the critical radius for homogeneous precipitation 
at these temperatures is .very small, oxygen content in plate- 
like precipitates or in their nucleation' centers are very likely 
to be underestimated. 

Oxygen agglomeration in platelike precipitates should be 
a source of silicon self-interstitials due to volume difference 
between the SiO^^ in the precipitates and in the silicon matrix. 
The total number of interstitials incorporated in the rodhke 
defects has to correspond to the number of interstitials gen- 
erated by oxygen precipitation. Bender and Vanhellemont^^^ 
calculated such numbers for annealing at 650 °C for 264 h. 
They found that the total number per cm^ of generated self- 
interstitials is Cf ^2. OX 10^' atoms/cm^ while the number 
per cm^ "of interstitials uicorpprated in the hexagonal silicon 
rods is C^= 1.5X10^* atoms/cm^; however, a large density 
of interstitials is incorporated also in interstitial-type disloca- 
tion dipoles, whose concentration was calculated to be 
CfP^^LSX lO'^^ atoms/cml This shows that the required 
conservation of point defects, taking into account the large 
uncertainty of the estimates, is' fulfilled. However, it should 
be pointed out that the observed hexagonal silicon rods play 
only a minor role as a sink for self-interstitials; m fact, the 
self-iriterstitial balance is mainly obtained by tiie formation 
of dislocation dipoles,' which can be seen as an. evolution of 
the rodlike defects. A similar result for oxygen balance is 
found assuming that the rodlike precipitates are coesite. As 
shown by Bourret and co-workers" only •«10% of oxygen is 
fpuhd in coesite precipitates. 

In summary; it may be concluded that many arguments 
support the hexagonal silicon hypothesis; as suggested by 
Bender and Vanhellemont.'^" 

In other words, a definitive distinction between the co- 
esite and the hexagonal silicon model for the rodlike de- 
fects cannot be obtained, either by comparison of sim- 
ulated HREM images with . experimental observations,^"^^ 
or by comparison of the lattice spacings in the defects 
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with the expected values for [100]-orieated coesite or 
[21 10]-oriented hexagonal silicon, or by performing the 
point defect balance. 

(b) Platelike SiO^ precipitates: The second type of de- 
fects observed after a single-step heat treatment are platelike, 
present after sample annealing in the temperature range 650— 
1050 °C. Tempelhoff and co-workers^^' found that these de- 
fects have {100} habit planes and (110) edges. The IR spec- 
trum taken on such samples is characterized by an intense 
double peak with maxima at 1125 and 1222 cm'"^ The au- 
thors related these structures to the presence of or-cristobalite 
and Matsushita^*'^ also reported <iie presence of a-cristobalite 
in samples annealed at 800-1 100 °C. On the other hand. 
Bender,'^' on the basis of detailed studies of the precipitate 
morphology as a function of the anneal time and tempera- 
ture, has not revealed fhe presence of crystalline oxide pre- 
cipitates in this temperature range. 

Oxygen precipitates are usually characterized in terms of 
number density, size; and shape by chemical etching;"^^ how- 
ever, this technique fails for the samples heated at low tem- 
peratures since the etch-pit density becomes too large and 
individual pits cannot be resolved in the micrographs. TEM 
gives only snapshot views of the samples and the analyzed 
regions can be unrepresentative of the whole sample, al- 
though it has the advantage of showing the structure and 
morphology of the particles. After anneals below 800 °C, the 
platelike precipitates are observed as small black dots. 
Electron-diffraction contrast is caused by the strain field as- 
sociated with these defects, although in this case only limited 
information concerning their moJiphology is obtained. 

A more detailed structural characterization of platelike 
defects can be obtained from HREM imaging.'^'-'^''^'^'^^ 
However, even with this technique and even after long an- 
nealing time at 650 °C, the precipitates are generally only 
visible by their strain field which shows up as black dots in 
the.perfect silicon matrix. Dark "blobs" with diameters rang- 
ing from 2 to 10 hm are also reported by Bergholz and 
co-workers^^ in samples subjected to prolonged anneals at 
485 °C. Due to the instability under the electron beam the 
authors interpreted these defects as aggregates of interstitial 
atoms; however, the sunilarity of these defects with (hose 
reported after annealing at higher temperatures by other au- 
thors suggests that blobs are the initial stages of the oxide 
precipitates. The interpretation of the blobs as precursors of 
oxide precipitates is also supported by the loss of intersStial 
oxygen during the annealing. 

The composition of the precipitates is measured by elec- 
tron energy-loss spectroscopy (EELS) by Carpenter et al^ 
as SiOj 2 and by Skiff, Tsai, and Carpenter^'*^ as SiOo.95. It 
has to be remarked that electron-beam-induced damage prob- 
ably plays a significant role in the quantitative results and in 
the peak shape of EELS spectra since the measurements are 
performed with very high electron cuixent densities; there- 
fore, the reported stoichiometry is likely to be a lower limit 
Though Tempelhoff and co-workers'^' suggested that the 
platelets are composed of a-cristobalite, recent IR studies by 
Borghesi et al.^^'^'^^ have shown that, from the analysis of 
the 1230 cm""' band, information on stoichiometry of the 
SiOj- in the platelets can be obtained (see Sec. IV C). They 
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FTG. 46. Elastic isostress curves around a precipitate platelet for diEFerent 
platelet habit planes (from Ref. 156). 



have shown that for samples heated at 1 100 °C for 1 h the 
platelets consist of amorphous Si-rich oxide, mainly SiO;^ 
with j:= 1.8. The band line shape indicated the presence of 
oxides with x< 1 . 8 , too. 

SANS studies'^*'^ have shown a decrease of the precipi- 
tate density and an increase of the precipitate size with an- 
neal time at 750 and 800 °C, and very good agreement 
among SANS, TEM, and IR analysis was found. Advances in 
SANS analysis led recently to the development of aniso- 
tropic measurements^^°'^' (which do not require the com- 
parison with either IR or HREM data), that confirmed earlier 
findings. By means of SANS, platelets were revealed as 
cushion-shaped objects^'*^ lying predominantly on the {100} 
planes, with edges along the (110) directions. From the com- 
parison of the experimental and calculated scattering density 
in SANS, Takeda et al?^^ conclude that the composition of 
the platelike oxide precipitates niust be oxygen-deficient 
SiOj-y without further -specifying the composition, i.e., their 
results, are in agreement with the most recent IR 
studies.24«-24^ 

The tendency of oxide precipitates to develop a platelet 
morphology on the {100} planes is related to the possibility 
of total strain energy minimization. For silicon, which has 
anisotropic elastic properties, the {100} jplanes are the pre- 
ferred precipitate habit planes since the Young's modulus of 
silicon in (100) directions has the minimum value. Theoreti- 
cal predictions are in very good agreement with the reported 
data on low-doped Si samples.-"^"^^^ 

On the other hand, in an extrinsic silicon degenerately 
doped by means of substitutional impurities such as boron 
fhe hydrostatic compression is partially compensated by the 
local tensile strain introduced by the impurities. Relaxation 
of the lattice strain lowers the strain free energy and there- 
fore the total free energy of the precipitate: This facilitates 
the precipitate growth. Wijaranakula^^ studied fhe morphol- 
ogy of the oxide precipitates in Cz-grown silicon degener- 
ately doped with boron. In addition to square-shaped precipi- 
tate platelets having {100} habit planes, commonly observed 
in lightly doped silicon, he also found oxide precipitates ex- 
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hibiting a disk-shaped morphology with both {110} and {111} 
habit planes. From the calculation of the elastic stress field 
around the precipitate platelet as shown in Fig. 46,^* it is 
evident that the precipitate grown in a lightly doped silicon is 
limited to the {100} planes. In sUicon degenerately doped 
with boron the localized elastic modulus of silicon may be 
reduced and therefore the precipitate orientation is not re- 
stricted only to the {100} planes. 

(c) Extended defects formed after low-temperature an- 
nealing; A phenomenon occurring in parallel with oxygen 
precipitation is the formation of extended defects which play 
an important role in the gettering of metallic impurities and 
are of great importance for device production. Here we 
briefly illustrate their formation upon low-temperature an- 
nealing. 

The major extended defects occurring after low- 
temperature annealing of Cz silicon are dislocation dipoles 
of 60° and 90° type. They consist of two parallel dislocations 
along the (Oil) directions, which have opposite Burgers vec- 
tors. The habit plane of the dipoles is close to a {311} plane 
with a separation between the dislocations of die order of 
25-35 nm. The defects are of the interstitial type, i.e.,' they 
contain extra silicon atoms.^^^''^^ 

At low temperatures, no dissociation or decoration of the 
dislocation cores with precipitates is observed, while for 
treatments above 750 °C heavy decoration of the dislocation 
lines and dissociation in two partial dislocations occur. Rod- 
like defects are sometimes found along the dislocation lines. 

The density of the 60° dipoles^" has a similar tempera- 
ture and time dependence as that of the density of rodlike 
defects, while the density of 90° dipoles is more than one 
order of magnitude lower. Several authors^^^-'^^^ reported 
about rodlike defect transformation into dislocation dipoles, 
and thus further support the self-interstitial nature of the rod- 
like defects. 

The largest extended defects are platelike, present upon 

annealing above 850 °C and generated by prismatic 
punching. ^^''^^ The mechanism by which these defects form 
is an efficient way to release the strain on the growing pre- 
cipitates. 

3. Effect of two-step annealing 

For most of the technological processes multistep. an- 
nealing treatments are required, but only two of them are 
relc^raiit for _ 
(for example low-high temperature) anneal is considered ef- 
fective in increasing defect density: The first step leads to the 
generation of the nucleation centers and the second one to 
the defect growth. The major defects formed by such 
treatments^' are octahedral or plateUke precipitates, stacking 
faults, and different kinds of dislocation loops (see Table VI). 

a. Precipitates. For Cz sDicon wafers annealed in two 
steps both octahedral and plateUke precipitates are observed. 
While platelike precipitates were observed even after a low- 
temperature second step"^ (down to 650 °C), the octahedral 
ones are formed only when the second step is performed at 
high temperahire (above 1000 °c)."V''^2,i75,225,257,260 ^ 

tailed smdy of the precipitate morphology demonstrates its 
dependence on the conditions of the first low-temperature 
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step. If the conditions are such that the platelike precipi- 
tates remain small and thin, the lattice strain they produce is 
relatively small and no generation of prismatic loops takes 
place. Upon the subsequent high-temperature step the mor- 
phology of some precipitates changes from platelike to octa- 
hedral, so that the interface energy is minimized. On the 
other hand, if platelike precipitate formation is accompanied 
by lattice stram release through a punching mechanism, the 
platelike shape is stabilized during the high-temperature step 
and such a kind of precipitate keeps growing. 

The precipitate shape is the result of the balance between 
different free energy contributions (as amply discussed in 
Sec. in C). As shown bf Tiller and co-workers '^"-^^^ thermo- 
dynamic considerations favor spherical (polyhedral) precipi- 
tate formation at higher temperatures (950-1200 °C). The 
expressions for the strain energy as a function of the precipi- 
tate shape for coherent and incoherent precipitation have 
been recenUy discussed by Vanhellemont and Claeys^® and 
Taylor, Tan, and Goseie.^^ 

Some authors^^"'^^'' reported the presence of prismatic 
punching "around octahedral precipitates; however, as ob- 
served by HREM, the sUicoa lattice around all octahedral 
precipitates is free from measurable strain: ^^'■•^■^'^^^'^^^ The 
punching most probably occurs before the change of mor- 
phology from platelet to octahedron. 

The octahedra have diameters ranging from 15 to 25 nm 
and facets along {111} and {100} silicon planes. Based upon 
■ the size and density of precipitates plus the drop iti intersti- 
tial oxygen concentration, Ponce, Yamashita, and Hahn"''^ 
concluded that these precipitates are Si02' particles. For 
larger precipitates the {100} boundary planes are absent and 
the precipitates are regular octahedra. HREM imaging shows 
that die precipitates consist of amorphous material. '^"-^^ 

EELS has been applied to identify the composition of 
the octahedral precipitates. Yang and co-workers^^* report a 
SiO^ composition, widiout specifying the value of x. 

b. Stacking faults. Stacking faults are the most promi- 
nent defects affer a high-temperature treatment. They are ex- 
trinsic, i.e., formed by an extra plane of self-interstitials. • 

Accordmg to the work of Maher, Staudinger, and 
Patel^^^ and the schematic model of Mahajan, Rozgonyi^ and 
Brasen^ Frank stacking faults are beheved to take hexago- 
nal shape. However, a review of TEM and x-ray topography 
stadiles of .the_stackmg fault..shape as a fimction of the an- 
nealing conditions™ shows that hexagonal-like Franck de- 
fects (i.e., hexagons with rounded corners) form for anneal 
temperatures =S1000 °C. At higher temperatures the bulk" de- 
fects always take a circular shape, even for sizes up to sev- 
eral hundred micrometers.^^''^*^'^® As for precipitates, die 
stacking fault shape is determined by the minimmn of the 
firee energy required for their formation. The stacking fault 
energy is minimal for {111} planes. 

Oxidation-induced stacking faults (OSF) are defects 
formed in the near-surface region under oxidizing anneal 
conditions and take an approximately half-elliptical shape. 
Their growth rate parallel to the surface is much larger than 
the perpendicular one. Hasebe et al.'^° proposed that oxide 
precipitates or their nuclei form around 1150 °C in the cool- 
ing sequence of the crystal and that these grown-in defects 
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serve as nuclei for OSF during oxidation. Furthermore, it has 
been shown'^^' that oxygen concentration affects the OSF 
density, but is not the main parameter in determining their 
distribution. Therefore, it is concluded that the temperature 
of the melt is the dominant factor. The experiments of Cho 
et al^^ show that the formation of OSF nuclei during crystal 
growth is influenced by dopant type and concentration, pull- 
ing rate, and thermal history of the crystals. They propose 
that the ring distribution of the OSF is related to the presence 
of two different oxygen species in the melt Si04 clusters 
directly incorporated in the ingot are proposed to be the nu- 
clei for the OSF. 

. OSF nucleation mechanism is not yet completely under- 
stood. Essentially two models are proposed:^^''^^^ Dissocia- 
tion of a perfect dislocation punched out by an oxide precipi- 
tate or direct (homogeneous) precipitation of excess self- 
interstitials in a {111} plane triggered by the. stress of the 
precipitates. 

c. Prismatic punching and dislocations. Upon two-step 
heat treatments, the first above 850 °C and the second be- 
tween 900 and 1150 °C, platelike precipitates are observed 
together with . complexes generated by prismatic punching 
and having the shape of loops (see Table VI). A detailed 
TEM investigation has shown^^'"^* thiat the loops lie on 
{110} planes and consist of (l 12) dislocation, segments. 

Tan and Tice^^ found that the loops are generated by a 
successive cross glide of a shear loop which is initially gen- 
erated in a {111} plane. On the other hand, due to the high 
formation energy involved, VanheUemont, Amerlinckx, and 
Claeys^''* concluded that the direct nucleation of a small 
shear loop is unlikely and probably starts with, an agglom- 
eration of silicon interstitials. This initial nucleus further 
grows by climb related to the point defect stipersaturation. 
After reaching a critical size, the growth by glide and cross 
glide can take over until the equilibrium shape is reached. . 

The loop size in complexes due to prismatic punching is 
uniform and corresponds to the projected size of the platelike 
precipitate in the (110) punch directions. This indicates that 
the precipitates do not significantly grow in the (001) plane 
after the strain release by punching has started. Then they 
further grow in a direction orthogonal to their habit plane, 
thus increasing the strain again. The punching stabilizes the 
size and platelike shape of the precipitates even at high an- . 
nealing temperatures. 

In the samples for which the first low-temperature treat- 
ment produces dislocation dipoles, elongated dislocation 
loops form during the high-temperature second step. The 
density of these loops is one order of magnitude lower than 
the density of the dipoles. The loops are elongated in the 
(110) directions and are up to 20 /m long. 

Hexagonal dislocation loops are also found after the 
high-temperature step, and for all preanneal conditions, with 
{011} habit plane. The larger ones are probably generated by 
a transformation of 90° dipoles, while the smaller ones might 
be formed on oxide precipitates.^^' 

4. Effect of rapid thermal annealing 

Modem ULSI processing often requires rapid thermal 
annfealing (RTA) as one of the steps. It consists of a brief 
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(10—10''^ s) heat pulse, typically performed at high tempera- 
tures, characterized by extremely short (few s) ramps up and 
down. It is interesting to find out whether and what kind of 
impact RTA has on oxygen precipitation in silicon. 

Hawkins and Lavinc^^^ have shown that only the tunc 
spent at high temperature is important and can influence pre- 
cipitation, while the rapid rise or fall in temperature does not. 
They have further shown that for very short pulses (e.g., 2 s), 
precipitation is reduced by several times. As the duration of 
the pulse is iacreased to about 100 s, precipitation recovers 
to its initial value. For very long pulses (longer than IC^ s), 
precipitation decreases to nearly zero. There are no further 
changes in the precipitation characteristics for pulse times up 
to 5X10* s. These results were interpreted assuming that the 
thermal pulses modify the initial distribution of heteroge- 
neous nucleation sites. For short pulses, the decrease of sites 
accounts for the suppressed precipitation. For longer pulse 
times (about 100 s), the recovery of precipitation is due to a 
reduction of silicon self-interstitials by outdiffusion, which 
Otherwise limit the rate of precipitation. For very long pulses 
(10* s), aU nuclei are dissolved, so that negligible precipita- 
tion occurs. 



5. Effect of dopant and impurity effect 

The study of the influence of heavy doping on oxygen 
incorporation during crystal growth and on oxygen precipi- 
tation started only recently. Some authors suggested that the 
dopant does not influence the precipitation process directly, 
and that diflFerences in the precipitation behavior between 
n'^ , , and lightly doped silicon crystals are only due to 
different levels of oxygen incorporation during crystal 
growth."^^ On the other hand, other groups found different 
thermally induced precipitate densities in ii'^ ,p'*' , and lightly 
doped wafers with die same Ltutial oxygen 
concentration.'^^^''^^^ Moreover, Bains et al.^^^ have recently 
shown that precipitation is independent of dopant type and 
concentration in the Ughtly doped wafers (dopant concentra- 
tion =s5X10'^ atoms/cm''); however, inp'^ boron-doped wa- 
fers precipitation was found to be generally enhanced, and in 
n"*" antunony-doped samples it was retarded, compared with 
lightly doped control wafers with the same oxygen concen- 
tration: A model proposed by Wada and Inoue,'"'^''^^° which 
involves free-electron effects, appears to be the most plau- 
sible explanation of these results. We illustrate now the main 
results for the most interesting dopants and impurities. 

a. Boron. Walitzki et al}^^ reported that oxygen pre- 
cipitation in highly B-doped crystals is only correlated to the 
oxygen content and is independent of doping level. On the 
other hand, the experiments of BarracloughJ^' on heavily 
B-doped crystals show that although the total oxygen, con- 
centration is similar to the one in low-doped material a sig- 
nificant oxygen clustering takes place already during crystal 
cooling. He interpretes the results in terms of carrier concen- 
tration effect on the formation of termal donors, assumed to 
be nuclei for precipitation. 

TEM studies of the influence of a heavy B doping on the 
precipitate morphology showed that: 
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(i) No observable precipitates form at 650 °C, evea after 
128 h; 

(ii) amorphous platelike precipitates form at 800 °C; 

(iii) polyhedral precipitates with dislacation loops form at 
1050 °C.^^^^ 

The precipitate density is larger itt heavily than in lightly 
B-doped crystals, while the growth rate of platelike precipi- 
tates is smaller.-^''^ Hahn et alr^^ explain the (i), (ii), and (iii) 
findings with the formation of B2O3 clusters which enhance 
the oxide precipitate nucleation. The reduced growth rate of 
platelike precipitates can be understood by a reduced oxygen 
flux due to the presence of BO3 clusters, which also dimin- 
ishes the oxygen supersaturation. 

The morphology of the oxide precipitates formed after a 
two-step anneal in. wafers degenerately doped with B was 
studied by Wijaranakula^^ with TEM. In addition tp square- 
shaped precipitate platelets having {100} habit planes and 
commonly observed in lightly doped silicon, he found also 
disk-shaped precipitates both with. {110} and {111} habit 
planes. The presence of complex dislocation loops on the 
polyhedral precipitates, which are not accompanied by dislo- 
cations in lightly doped material, is related to the easier dis- 
location, nucleation and the higher dislocation mobility in 
heavily doped silicon, which make dislocation nucleation 
possible even on the stress-lean polyhedral precipitates.^*^ 
On the other hand, it has been reported^ that the mechani- 
cal strength increases for boron concentration above 10 '* 
atoms/cm^. This has been explained by a pinning effect of 
B2O3 or BO3 precipitates oH dislocations. 

.b. Phosphorus. The influence of phosphorus on the pre- 
cipitation kinetics has been studied less intensively than the 
influence of B and Sb. Matsumoto et cd?^ reported that the 
oxygen precipitation kinetics is independent of P-doping 
level for anneals at' 800 and 850 °C. Hahn et aL^"^ studied 
the effects of heavy P doping in a wider temperature range 
(450-1050 °C). They found fliat the precipitate morphology 
in heavily P-doped samples is similar to that found in highly 
B-doped samples, while the precipitate density is lower and 
the size of precipitates is larger. Diffuse x-ray scattering 
shows that in such samples interstitial-type defects predomi- 
nate, while the formatidn of PO5 clusters is not favored. . 

c. Antimony. A high Sb-doping level reduces the 
amount of precipitated oxygen.^^^^'^^'''^^^'"^-^^^-^*'^ Some 
authors attribute this effect to the evaporation of 
SbjOa from the melt during the growth process. A similar 
tendency was reported by Walitzki et al.}^^ who found' that 
oxygen concentration in Cz-grown silicon .crystals highly 
doped with Sb is reduced by 40% compared to low-doped 
crystals grown under the same conditions. Nevertheless, 
these authors believe that evaporation of Sb203 is thermody- 
namically unlikely. 

Shimura etal.^^^ supposed that the concentration of 
negatively charged vacancies is reduced by the Coulomb at- 
traction between Sb"*" and the charged vacancies. They pro- 
pose that the negatively charged vacancies serve as nucle- 
ation centers for oxygen precipitation, so that a high Sb 
concentration suppresses the precipitation. 

Secco d'Aragona and Fejes^*^ have reported that in 
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highly Sb-doped wafers oxygen precipitation is reduced and 
eventually suppressed during high-temperature anneaiiag 
(1050 °C), while it is independent of doping for low- 
temperature (650 °C) annealing. This finding suggests a het- 
erogeneous precipitation mechanism for high-temperature 
armealing. 

Barraclough"^^ used IR spectroscopy and photon activa- 
tion analysis to study the behavior of oxygen in electron- 
irradiated silicon samples heavHy doped with Sb or B. He 
found that the amount of interstitial oxygen is lower and that 
the precipitation is strongly retarded in tiie material. 
Gupta et al}^ obtained similar results by SANS analysis- 

d. Carbon. Carbon plays a major role in oxygen pre- 
cipitation in silicon at low teinperatures and, hence, in device 
yield,^^''^^" when its concentration Cq is above 3X10'^ 
atoms/cm^. It is generally observed that after, single-step heat 
treatments a substitutional carbon to interstitial oyygen ratio 
as high as 0.3 completely inhibits the development of large 
precipitates"^ and those eventually formed are too small to 
be visible even by electron microscopy. Fraundorf and 
co-workers'^'^ found a high density (lO'^ cm~^) of small mi- 
croprecipitates which are imder large elastic stiess and prob- 
ably have octahedral- shape: No secondary defects were 
formed, so that interstitial emission seems to be inhibited. 
However, it is more likely that Sif clusters remain undetect- 
able because of the high density of nucleating centers (car- 
bon related). Simultaneously, a large number of C~SiO^ com- 
plexes are formed, for example after a 750 °C tieatment for 

For two-step annealing treatments and over a large range 
of Cc/Cox ratio (from 0.3 to 0.01) a "retardation" effect is 
reported.^^"^' This phenomenon consists of an initial de- 
crease of Cox > followed by an increase (the retardation stage) 
and a final decrease of interstitial oxygen content (the recov- 
ery stage) during the annealing, when the first step is per- 
formed in tiie range 750-850 °c,'"-^'^ or below 650 °G,^^^ 
for 2-8 h. Tan and Kung'^ have shown that a high carbon 
concentration is not essential to observe this pheiiomenon, 
but can enhance the effect. The retardation is explained by 
the dissolution of oxide precipitates at the onset of the high- 
. temperature (1050 °C) anneal (second step), Schrems 
et al.'"^ applied their statistical modelling of growth and dis- 
solution of oxide precipitates to the retardatioh/recovery phe- 
nomenon, obtaining a very good correspondence between the 
experimental data of Tan and Kung'^ and the calculated 
curves. , 

A study of oxygen precipitation in carbon-rich Cz silicon 
by synchrotron, radiation topography has shown that the 
samples are strain free.^'' This indicates that coprecipitation 
of oxygen and carbon occurred so that tiie volume expansion 
and reduction due to either species compensate each other. 
This coprecipitation lowers the Critical radius for precipita- 
tion and this explains the much higher density of stable 
precipitates.^^ Evidence for such coprecipitation was found 
also by Bender etal.'^^^ with HREM, Shimura et al^^ with 
SIMS, and by Gupta et al?°° by SANS. Recentiy, Taylor, 
Gosele, and Tan''"' proposed a strain relief mechanism in- 
volving carbon and self-interstitial fluxes to explain the be- 
havior of C and O coprecipitatibn ih silicon. 
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FIG. 47. Stacking fault density in C-rich Cz silicon after a two-step anneal- 
ing as a fiinction of the temperature of the first step. The second step is 
performed at 1050 °C for 20 h in N2 (squares) or in' wet Oj (triangles) 
ambient (&oni Ref. 130). 



A high carbon content strongly influences the oxygen 
precipitate morphology. It is found that at low anneal tem- 
peratures precipitates take an octahedral shape in carbon-rich 
more likely than in carbon-lean material.*''* A high carbon 
content in the precipitates reduces the strain energy so that 
the octahedral shape (with minimum' interface energy) is 
favored"*'*^^ (see Sec. Ill C). 

Sun et alP^ found a direct correlation between the re- 
duction of the substitutional carbon and that of interstitial 
oxygen for annealings at 750 °C by means of FTIR measure- 
ments. One carbfui atom is transferred to a ne'w configuration 
for each two oxygen atoms leaving the interstitial position. 
The total number of substitutional carbon atoms involved in 
this process is found to be independent of the initial carbon 
content. They suggested a direct incorporation of carbon in 
the oxide precipitates, tiherefore resulting in strain-free Dcta- 
hedral particles. The interaction of substitutional carbon with 
silicon interstitials and the strain-free precipitates is respon- 
sible for the suppression of lattice defect generation. 

The number of oxygea .atoms leaving interstitial posi- 
tions for each displaced substitutional carbon atom is 3 at 
450 °C, 4 at 750 °Q and 5 at 850 ?C, as shown by Newman 
et al.l'^ A ratio four to one. was also determined by SANS 
measurements.-^"" The observed differences.. could be attrib- 
uted to the different sample thermal history. 

Carbon presence in Cz sUicon inhibits the rodlike defect 
formation,'''''^"'^^ but enhances the formation of small amor- 
phous precipitates. Simultaneously, the .new donor formation 
is enhanced, as discussed in Sec. Ill D 2. 

Bender etpl.-^^ studied the variation. of stacking fault 
density in carbon-rich Cz silicon after two-step low-high an- 
neal, as a function of the temperature of the first step. A 
typical example"" is shown in Fig. 47 where a strong reduc- 
tion of the stacking fault density is reported between 700 and 
850 °C for samples with C^=^8.5X10*'' atoms/cm^ and 
Cc=4X10" atoms/cm^. The fiurst annealing was performed 
in N, for 15 h and the second one at 1050 °C for 20 h in Nj 
(squares) or in wet O, (triangles). In the 700-^850 °C tern- 
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perature range the Si-:C-0 clusters are formed. It is 
therefore very likely that the suppression of self-interstitial 
supersaturation prevents the secondary defect formation. 

e. Nitrogen. . The widespread use of a nitrogen ambient 
during silicon processing and the discovery of the strong 
effects of nitrogen on mechanical properties of silicon^""'"''^ 
led to an increased interest in nitrogen behavior in silicon. 
Several authors'"'^"^"* studied the influence of nitrogen on 
oxygen precipitation and it was concluded that it increases 
the number of nucleation sites. Recently, Sun a/. re- 
ported the evidence of defect interactions among oxygen, 
carbon, and nitrogen during a three-step intrinsic gettering 
process. They found that nitrogen enhances nucleation in the 
temperature range from 750 to 1100 °C Their results were 
interpreted assuming that nitrogen participates in the creation 
of nucleation sites for heterogeiieous oxygen precipitation 
and also assuming that nitrogen aggregates at the strain re- 
gions surrounding the precipitates, thus retarding silicon self- 
iriterstitial migration. 

/ Hydrogen. Recently the behavior of hydrogen in sili- 
con has been the object of significant LnteresL"^"® It is found 
that it passivates shallow acceptors (B,Al,Ga) and shallow 
donors (P,As,Sb)^°^ and enhances oxygen difEiision.^^^^ It 
has been also shown that hydrogen presence enhances ther- 
mal donor formation in silicon,^^^ suggesting that it may in- 
fluence oxygen agglomeration. Indeed, Hara et al.^ have 
shown recently ttiat hydrogen in silicon crystal causes an 
enhancement of oxygen precipitation. They attributed it to an 
increase of the nucleation sites, related to small hydrogen 
aggregates. 

If hydrogen affects oxygen precipitation, Hara et aL^°^ 
suggested that liydrogen must exist in the form of aggre- 
gates, as the defects enhancing oxygen precipitatibn have 
high thermal stability.^"* Furthermore, it iS \vell known that 
hydrogen in crystalline silicon tends to precipitate along the 
{111}, {113}, and {100} lattice planes.^^"-^'' 

After Hara et al?^ two mechanisms can be responsible 
for the enhancement of oxygen precipitation by hydrogen. 
One is an increase of the nucleation sites for oxygen precipi- 
tation and the other is an enhanced oxygen diffiision. 

g. Intrinsic point defects. The polysilicon film deposited 
on the wafer back surface was found to be a good extrinsic 
gettering sink for its ability to generate dislocations and 
stacking faults at the back surface^'^ (see Sec. V). It was also 
found that the back-surface-deposited polysilicon also en- 
hances oxygen precipitation, therefore increasing the getter- 
mg efficiency. The precipitation enhancement effect was 
thought to be a nucleation effect due to polysilicon deposi- 
tion thermal cycle.^" Shirai, Yamaguchi, and Shiraura''''^ 
have shown that a polysilicon layer at the wafer backsurface 
causes localized oxygen precipitation near the back surface. 
The enhancement effect was attributed to the absorption of 
silicon self-interstitials by the polysilicon. This causes an 
increase in vacancy concentration in the nearby silicon layer 
where vacancies are considered to be effective nucleation 
sites. 

Harada, Abe, and Chikawa^'^ studied oxygen precipita- 
tion in Cz crystals with excess concentration of vacancies 
frozen in by detaching the ingot from die melt and by sub- 
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sequent rapid cooling. They proposed a new model for the 
enhanced oxygen precipitation in the presence of excess va- 
cancy concentration. Their model has two consequences: 
One is that the incubation time for oxygen precipitation "is 
short and the other one is that oxygen precipitation occurs 
even under small supersaturation of oxygen. They also found 
that the excess self-interstitial atoms incorporated into the 
crystals dtuing the growth suppresses oxygen precipitation' 
and generates bulk stacking faults. 

Hara et al?^ studied tiie effect of cooling rate on oxy- 
gen precipitation in Cz sHicon crystals. They found that 
quenching from high temperature introduces defects that en- 
hance oxygen precipitation. These defects are related to in- 
trinsic point defects, and they disappear upon annealing 
above 900 °C. Ikari etal^^^ obtained similar results by 
studying nucleation of oxide precipitates in quenched Cz sili- 
con by means of IR spectroscopy and positron annihilation 
techniques. They found that oxygen clusters are introduced 
by quenching and that these clusters are the nuclei for the 
enhanced precipitation in the quenched Si crystal. 

HaUberg and Lindstrom^" studied tiie enhancement of 
oxygen precipitation in electron-irradiated silicon. They have 
shown that the effects of the presence of vacancy-oxygen 
(V-O) and vacancy-dioxygen {V-O2) groups on oxygen pre- 
cipitation in silicon are significant; The highest density of 
precipitates was found in samples with the highest initial 
concentration of V-O2 defects. This suggests that the V-O2 
centers are nuclei for oxygen precipitation. 

IV. TECHNIQUES FOR OXIDE PRECIPITATE 
CHARACTERIZATION 

A. Wet chemical etching 

Wet chemical etching is nowadays a very important pro- 
cess in semiconductor industry both for studying defects and 
for device processing. Although there is not a formal "theory 
of etching," a few general principles have been developed. 
Here they are reviewed and a few examples of some repre- 
sentative etchants and their applications described. A general 
standard method for detection of oxidation-induced defects 
by wet chemical etching in sihcon wafers was developed by 
ASTM.^'* 

1. Etch formulation and application 

Whenever demands for a. new et chant emerge, the main 
role in responding to them is played by previous experience 
on similar materials or systems rather than by straightforr 
ward application of chemical theory.^^' 

Semiconductor etchants can be divided in. two catego- 
ries, i.e., into selective (often called preferential) and polish- 
ing. The ideal pohshing etches have material removal rate 
which is independent of crystal orientation, straLu, or chemi- 
cal heterogeneities, and are uiversely proportional to the lo- 
cal radius of curvature. Therefore, a specimen with rough or 
damaged surface, as cut for example, etched for a sufficient 
time in a pohshing etch, develops a fiat mirrorhke surface 
with rounded edges. This _ occurs irrespective of defects 
within the volume of the material. On the other hand, the 
ideal selective etch acts upon a highly defective but mirror- 
hke fiat surface only at strain or chemical heterogeneities. 



TABLE VH. Recipes for the solutions usually employed for silicon polish- 
ing (from Ref. 320). 







Composition 


Solution 


Purpose 


(volume) 


CP-4A. ' 








saw damage removal 


5 HNO3 
3 CH3COOH 




PnH^hiniT 


1 HF 

4 HNO3 
2CH3COOH 




Slow polishing 


IHF 
6 HNO3 
I CK3COOH 


Iodine 


Polishing 


, S HF 



to HNO3 

11 CH3COOH 

03 g 1/250 ml sol. 



such as dislbcations or impurity striations. However, in prac- 
tical iise etchants do not achieve the ideal properties, but may 
come close. 

In principle, the chemical action of both pohshing and 
selectrve etching is the same. One component of the etch 
solution oxidizes the surface, while another one complexes 
the oxidizes species to make them soluble in the etching 
solution. A third component, usually water or acetic acid, is 
added as a buffer. Insoluble reaction products may be re- 
moved mechanically, this being the principle of the chcmo- 
mechanical polishing process. During the etching process 
care must be taken to avoid gas formation, since the bubbles 
can locally block the fetching action. This in turn could pro- 
duce false features during selective etching. 

In order to obtain a continuous etching, it is necessary 
that ftesh reactant reaches the surface while the reaction 
products must be "permanently removed, at least as fast as 
they are involved in the .reaction. If the reaction rates at the 
surface are much higher than the diffusion rate m the Uquid, 
the process will be diffusion limited, as almost all polishing 
processes are. 

Some useful recipes for silicon polishing^^ are given in 
TkbleVII. 

2. Chrystallograpflic defects evidenced by selective 
etching 

Even during selective etching, for reasonable etching 
tunes, the poKshed damage-free surface of a perfect crystal 
remains flat, provided no gas develops and the reaction prod- 
ucts do not stick to the surface. Damaged areas, however, are 
etched faster and grooves or pits are formed, remaining after 
the initially strained material has been etched away. Once 
formed, upon further etching the pits become flat bottomed 
and continue to expand only laterally. A similar situation 
happens in the case of defects such as stacking faults, inclu- 
sions, and small dislocation loops. 

Different features are observed in the case of line defects 
such as treading or slip dislocations, and "sheet" inhomoge- 
neities such as growth striations. In that case the strain is not 
removed. For example, the dislocation, etch pits continue to 
grow without changing shape and mauitain their morphol- 
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FTG. 48. Etch features found in silicon using some of the etchants listed in 
Table VTH: dislocation (D,), saucer (S), hillock (H), bulk and surface oxi- 
dation stacking fault (OSFjj and OSFj), epitaxial layer stacking fault (SF^pj) 
(from Ref. 319). ■ . . 



ogy. If the dislocatioa is not nonnal to the surface, the pits 

have a distorted morphology. Therefore, both line and local- 
ized defects may have the same morphology initially, but 
upon continued etching the localized defects develop pits 
with a flat bottom, while dislocation pits continue to deepen 
with a sharp bottom (see Dj and S in Fig. 48 and Fig. 49). 

During selective etching etch hillocks may form, which 
can be easily confused with pits when observed by the opti- 
cal microscope. Hillocks are usually caused by precipitates 
from the etch wluch adheres to tlie surface, or small unre- 
solved oxide particles which mask the surface. Nevertheless, 
they can also he associated with defects, such as certain fauDc 
precipitates or stacking faults in silicon (see H in Fig. 48). 

The principles discussed above can be illustrated by the 
results obtained on silicon for which several highly refined 
selective etches have been developed, such as the so- 
caUed Sirtl,^^^ Secco,^^ Wright,^^'* Schimmel,^^ and Yang^^^ 
etches. 

Chemical recipees for silicon selective etchants are 
given m Table VIII. 

3. Optical microscopy 

The above-mentioned defects evidenced by preferential 
chemical etching are usually analyzed by an optical micro- 
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FIG. 49. (a)-(c) Scheme of three etching steps, showing the development of 
characteristic etch features (from Ref 321). 



TABLE Vm. Recipes for the most coiiunon selective etchants for silicoiL 




Composition 




Htch 


(Volume) 


Comments 


Sirtl 


. 1HF(49%) 


~3-5 /Mn/min rate 




1 CtOj (5 M) 


good on {111} 
poor on {100} 
faceted pits 


Secco 


2 m (49%) 


~1.5 /im/rain rate 




1 KjCraO, (0.15 M) 


best in ultrasounds 
good on all planes 
non-cryst. pits 


Wright 


2 HF (49%) 


—1.7 /on/min rate 




2 CH3COOH 


no ultrasounds 




1 HNO5 (70%) 


good on all planes 




1 CtO, (411) 


faceted pits 




2 Cu(N03)2-3H20 


good shelf life 




(0.14 M) 




Scfaiimnel 


2 HF (49%) 


lightly doped Si 




1 CrOj (1 M) 


(0.6-15 n cm) 

good on {100} ' 
no ultrasounds 


Schimmel 


2 HF (49%) 


heavily doped Si _ 


(modified) 


1 Cr03 (1 M) 


t>nn*H r»n /Iflfll 




1-5 H3O 


no ultraso_unds 


Yang 


1 HF (49%) 


good on all planes ' 




1 C1O3 (1.5 M3 


no ultrasounds 
1—2 fun/tma rata 



scope or, with much higher magnification and resolution, by 
a scanning electron microscope (SEM). Optical microscopy 
limit magnification is X2000, while SEM allows magnifica- 
tions up to the order of XlO*. On the other hand, optical 
microscopy is a more versatile technique and is the most 
used for precipitate density measurements. 

The resolution of optical microscope is limited by the 
diffraction effects, so that two points are just resolvable 
when they are separated by d. 



0.6IX 



n smu 



(82) 



where X is the wavelength of light, n the index of refraction 

of air (or immersion oil), and u is the vertical angle of di- 
vergence that the objective lens can accept. The product 
n sin « is called the numerical aperture (NA); Since the NA 
limits the resolution of the microscope, a greater magniiica- 
tion obtained by means of high-power oculars with lenses of 
low' NA does not produce more details. For ejcample, the 
resolution of the best microscopes is about 0.2 /xm. 

Although conventional optical microscopes are still 
widely used in reflection mode for opaque objects such as 
sUicon wafers, a significant improvement has been made 
when Nomarski and WeiU m 1952 proposed the interference- 
contrast method.^^^ It has become the most important method 
for optical examination of semiconductor surfaces upon wet 
chemical etching. 

The instnmient based on the Nomarski interference 
method is essentially a two-beam microscope as illustrated ixt 
Fig. 50, showing the light beam path in the instrument En- 
tering from the left-hand side, the light passes through a 
polarizer set at 45°, being reflected downward by a half- 
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FIG. 50. Schematic diagram of the Nomarsid differential interference- 
contrast microscope (firom Ref. 319). 



silvered mirror, and passes through the modified WoUaston 
or Nomarski prism where the Hght beam is spHt in two parts. 
The two beams then pass through the objective lens, are 
reflected from the object and, after crossing lens, prism,' mir- 
ror, and a polarizer set'at 135° (analyzer), reach the eye. The 
Nomarski prism is made of two separate birefringent quartz 
prisms glued together, having perpendicular optical 'axes. 
The 45°-polarized light from the polarizer forms' two com- 
ponents in the first birefringent prism, traveling with differ- 
ent speeds due to the different indices of refraction along and 
perpendicular to the optical axis. Then, upon striking the 
glue joint, they form the two divergent beams. . Since the 
optical axis of the second prism undergoes a 90° rotation 
with respect to first one, the speeds are interchanged. 

The thickness of the two parts of the Nomarski prism 
can be chosen so that the two beams come out of the prism in 
phase. The angle of divergence is matched up with the focal 
length of the objective lens so that the two beams are focused 
parallel, onto the object. For an object having a flat .surface, 
uppn reflection the beams reach the glue joint forming a 
single beam that is extinguished by die analyzer set at 135°. 
This configuration is called the null or dark mode in the 
Nomarski differential interference contrast method. How- 
ever, if the prism is moved to one side or the other a phase 
shift between beams occurs. As a. result an elliptically polar- 
ized beam forms when the rays join and such a beam is not 
stopped by the analyzer. As a consequence, more light is. 
transmitted. 

When the prism is moved far enough, the phase shift 
becomes so large that the shortest visible wavelengths (dark 
blue) begins to interfere destructively and the resulting light 
becomes yellow. Additional colors appear as the prism is 
moved fiirther away from the null position. It Should be 
noted that this happens regardless of the absolute height of 
the fiat surface observed. 



AFTER 
-A-TY. ANALYZER 



AFTER 
PRISM 



OBJECT 
PROFILE 

FIG. 51. Schematic illustration of object profiles, wave fronts of the dis- 
placed beams after reflectio.ti, and intensity distributton of the recombined 
beams after passing the analyzer for two different prism settings (from Ref. 
319). 



As an example, we can consider an object with a vertical 
relief and the beams displaced about 0.2 jxai one from the 
other. Such a beam displacement is below the resolving 
power of the microscope and thus is not observed. Figure 51 
illustrates an image formatioa for different object profiles.'''^ 
The profiles on the bottom line represent the cross-sectional 
shape of three different objects. In the middle Hne, displace- 
ments of the wave fronts of the two beams are indicated 
immediately after reflection and crossing the prism. The top 
lines give the resulting intensity distribution after the beams 
have passed through the analyzer. One set of profiles (the 
lower one) on the top line corresponds to a null setting of the 
iustrument which yields a black background. The other set 
(the upper one), which is a inore common operating mode, 
corresponds to the prism setting slightly off null position, 
hence givuig a grey background. The width of the displace- 
ment is magnified in the diagram and in practice it will ap- 
pear just as a line. It should be pointed out that the surfaces 
having the same slope have the same contrast (or color), and 
also horizontal surfaces having different height have the 
same contrast. The interference contrast obtained by the mi- 
croscope is proportional to the beam displacement, therefore 
it is maximum along the direction of displacement, and no 
contrast is visible in a perpendicular direction. These prin- 
ciples are illustrated schematically in Fig. 52. Note that only 
the step running parallel to the beam displacement (jc direc- 




JFIG. 52. Schematic illustration of an object with the two incident beams 
(left-hand side) and resulting images (right-hand side) (from Ref. 319). 
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FIG. 53. Density of large etch hillocks as a function bf annealing time at 
950 °C (from Ref., 143). 



tion) fonns virtually no observable image. Step heights as 

low as 30 A and the corresponding slopes (30 A in about 0.2 
/im beam separation) can be detected. Therefore, etch pits 
with side slopes of only a few degrees produce a sharp con- 
trast and may appear deeper than they actually are. Absolute 
evaluation is possible with comparison of known features on 
the surface. 

4. Detection of SiOx precipitates 

Wet chemical etching with optical microscopy is widely 
employed to measure the density per unit area of precipitates 
on sihcon wafer surfaces, thus allowing the average density 
of bulk defects to be estimated. Foir example, Newman 
et al. '''^ by analyzing silicon wafers after Wright etching and 
after different heating times found two types of etch features: 
Small pits which appeared to be present in as-grown crystals, 
which can be resolved after heating, and larger etch hillocks 
which were only observed after heat treatment. The density 
of the latter defects increases with die heating time up to 50 
h and then remains constant (see Fig. 53). The density of 
small pits A'^ (in cm"^), decreasing with the anijealing time, 
when measured after long sample aimealing fits the empirical 
relation . 

N=-0A5 exp(2.65/fcr), (88) 

with kT expressed in eV, as shown in Fig. 32 in Sec. ELI B, 
where the results are compared with the defect density de- 
duced from the kinetic model. 

Clear evidence of the nonhomogeneous axial distribution 
of oxide precipitates through the seed end of a Cz silicon 
single crystal is reported in Fig. 54.^^^ The figure shows the 
convex and concave layers of precipitsies revealed after 
1000 °C annealing. The distribution of precipitates in the 
same crystal as in Fig. .54 at different axial positions is re- 
ported in Figs. 55(a)-55(d).^^ This figure shows the precipi- 
tate distribution at the center of the crystal (a), and at 1/2, 
3/5, and 4/5 radius [(b), (c), and (d), respectively]. At the 
center the precipitates are more homogeneously distributed. 




FIG. 54. Axial section of the seed end of a Cz crystal showing .precipitate 
layers as evidenced by etching (firom Ref. 328). 



The layers vidth low precipitate density (dark stripes) are 
very thin, and their thickness increases with the distance 
from the center of the crystal [Figs. 55(b) and 55(c)]. At 4/5 
radius distance [Fig. 55(d)] most of the precipitates disap- 
peared and the residual precipitate layers are very thin. 

Bains etoL^^^ studied oxygen precipitation in p"*" and 
n"*" dislocation-free Cz silicon wafers. After a three-step 
treatment, 16 h at 1100 °C, 64 h at 650 °C, and 20 h at 
1050 °C, die Sb-doped samples were etched for 30 min with 
Wright etch and the B-doped ones for 4 min with the modi- 
fied Schknmel etch. They found that in B-doped samples 
precipitation is enhanced and in «^ Sb-doped samples it is 
retarded with respect to lightiy doped reference samples with 
the same oxygen' concentration, where the precipitation be- 
havior is independent of dopant type and concentration. Fig- 
ure 56 show.s^'' two images of the etched cross section of a 
p+ ([B].=9X10" atoms/cm^) sample with 7.6-8.96x10" 
atoms/cm^ interstitial oxygen concentration after the three- 
step annealing. The figure evidences the formation of 
oxygen-related platelet defects. Moreover, precipitate-free 
regions surrounding these defects are visible, probably 
caused by the gettering effect of the platelets on the oxide 
precipitates present in the sample. . 

B. Transmission electron mibroscopy 

Transmission electron microscopy is a well-known tech- 
nique, particularly powerful to study defects and small ag- 
gre;gates where high space resolution is needed.^® Broad 
range applications of electron microscopy in the high- 
resolution mode (HJIEM) have been actually devoted to 
study, defect structures of various types (hnear, planar, dislo- 
cation cores, grain boundaries, etc.). To achieve the extreme 
resolution limits the key parameter on which to act is the 
accelerating voltage of the instrument. For instance, dis- 
tances and feahjres having dimensions decreasing from 2.1 
to 1.6 A can be resolved''^' when the voltage is raised from 
200 to 400 kcV: Therefore, die point defects can also be 
directiy observed by TEM. 

The main sources of the noise, which represents the lim- 
iting factor for detecting small clusters, are essentially two: 
Thickness variation of the mabix (due, for instance, to oxide 
formation, as in silicon) and surface roughness. The two of 
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(c) 





1.. 



FIG. 55. Precipitate distriliution (a) in the centei:, (b) at 1/2, (c) at 3/5, and (d) at 4/5 radius of the same ctystal as in Rg. 54 (6oni Ref. 328). 



them give a coupled contribution to statistical noise corre- 
sponding to ±4 atomic steps if one wants to investigate 
small aggregates with a signal-to-noise ratio S/N As a 

consequence, 4\ 4^, and 4^ impurity atoms should be in- 
cluded along the direction of the electron beam for observing 
linear, planar, or three-dimensional agglomerates, respec- 
tively. In order to detect aggregates of defects at such a low 
S/N ratio, a minimum density of lO'^ defects/cm'' is required. 
Also scanning transmission electron microscopy, which al- 
lows electron microdiffraction using a sUbnanometer probe, 
is affected by the same limitations. 

Information from TEM on particle size and shape is di- 
rect, since a large region in reciprocal, space is sampled, 
whereas, e.g., SANS explores only a small volume of k- 




som 



FIG. 56. Preferential etch cross sections of ap* wafer showihg gettering of 
oxide precipitates by platelet defects fonned after a tristep heat treatmfent 
(from Ref. 279). 



space. In other words, with TEM very small volumes are 
examined and the response is strictly an image of such a 
specific part of the sample, which might diverge even sub- 
stantially from that of the bulk. 

TEM is one of the most used techniques for the study of 
oxygen precipitation in silicon, ^"^''^^^'^^ often combined with 
other analytical methods such IR absorption,^'^ SANS,^^ 
and x-ray topography. TEM, with respect to other tech- 
niques, allows one to determine the shape of individual pre- 




^^^^^^^^ 

I.' ■'■ ■■ f"'""'. ' . if--! 



FIG- 37. HREM image of a platelet precipitate growa after annealing at 
850 °C for 60 h. The image shows the amorphous structure and the oiien- , 
tation along {100} silicon planes (from Ret 150).. 
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(b) 

FIG. 58. High-resolufion images of ipdlike defects seen along their elon- 
gated axis: zig-zag shape of the defect consisting of one part along (3 1 1) 
plane and one along (100) plane (ppper image); the anow indicates tlie 
interface plane (511) (lower image) (from Ref. 233). 



cipitates as well as their structure (amoiphous or crystalline) 
and their interfaces with the host crystal. For example, TEM 
images are reported by Tiller and co-workers to confirm 
the results of a model concerning the equilibrium shape for 
thermally induced microdefects in Cz silicon, based on ther- 
modynamic and kinetic considerations (see Sec. HI C). Fig- 
ure 57 shows a HREM image of an amoiphous platelet pre- 
cipitate grown after intermediate-temperamre annealing 
(850 °C for 60 h) of a Cz sihcon sample. The platelet lies 
parallel to {100} silicon planes. The correlation between cir- 
cular stacking faults in silicon and subsurface precipitates 
has also been demonstrated by a TEM study.^^" As for the 
precipitate structure and orientation in the silicon crystal, in 
several articles thesie characteristics have been studied as a 
fimction of the particular annealing conditions. Recently, a 
review of the results about the structure of oxygen-related 
lattice defects in silicon has been presented by Bender and 
Vanhellemoiit,^^' with the comparison of different tech- 
niques. 

A detailed TEM study of oxygen-related lattice defects 

in Cz silicon samples after one- and two-step annealing at 
different temperatures is reported by Bender. After a one- 
Step treatment at low temperature (iii the region from 550 to 
1000 °C) rod-shaped coesite precipitates, platelike amor- 
phous SiOj precipitates, dislocation dipoles, and prismatic 
loops were found. After a subsequent high-temperature 
(1150 °C) step different types of defects such as Frank-type 
stacking faults, elongated dislocation and prismatic loops, 
octaedral amorphous SiOj^ precipitates, and plateletlike SiO^^ 
precipitates with prismatic dislocation loops were observed. 





FIG. 59. High-resolution image of a truncated octahedral precipitate, show- 
ing its amorphous structure (from Ret 151). 



As an example of HREM images Fig. 58(a) and 58(b) 
shows rodlike defects seen along their elongated axis, de- 
tected in samples annealed at 650 °C for 100 and 264 h, 
respectively.^^ In the upper iniage the zig-zag shape of the 
defect is found, consisting of two parts along the (311) plane 
and one part along the (100) plane. The lower image shows a 
defect with lattice, planes straight and parallel; partly (511) 
interface planes are visible (see the arrow). Figure 59 reports 
a HEIEM image of a truncated octaedral precipitate 
observed^^^ after a two-step annealing (850 .°cr 15 
h+H50 °C 1.5 h). The amorphous structure of this kind of 
precipitate is clearly evidenced. 

Bergholz et al.^ studied systematically the defects in- 
duced in Cz siUcon wafers with initial C^^=10^^ atoms/cm'' 
by a 48, 96, and 431 h annealing at 750 °C, performing also 
a direct comparison with SANS data (see Sec IV D). Their 
liesults are summarized in Table IX where defect type, size, 
volume, and density as obtained from TEM images , in Cz 
silicon samples annealed at 750 °C for different times are 
reported. In the samples annealed for 48 h the defects were 
amorphous oxide platelets lying on {100} planes and extrin- 
sic stacking-fault dislocation loops on {111} planes. The plate 
diameters vary from 6 to 16 run with 1.5 nm mean thickness. 
The precipitate density was 1.4X10'^ cm~^. About 60% of 
oxide plates present a narrow "teethlike" extension at one 
end. These extensions, about 35 nm long, are an extremely 
thin oxide layer contiguous with the main plate. Sometimes 
precipitates made of only the teeth (without the plate) are 
present, attributed by the authors to early stages of the oxy- 
gen precipitatiolt The samples aimealed for 48 h also show 
SiOj spherical particles with an amorphous structure. They 
have a diameter of about 3.5 nm and their density is about 

The main defects present in the samples annealed for 96 
h are amorphous oxide plates lying on {100} planes and ex- 
trinsic stacking-fault dislocation loops on {111} planes. The 
plates have a density of 1.5X10" cm"'' with a diameter of 
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TABLE TX. Defect type, size, volume, and density as obtained from TEM 
images in Cz silicon samples annealed at 750 "C'for different times (from 

Ref. 244). 



AiuichI 
time 
(h) 


Type 


Size 
(imi or nm^) 


Volume 
(cm^) 


Density 
(cm-^) 


48 


Plate 


12X1.5 


i2X10""» 


5.6X10"^ 


48 


. Plate with 


12X1.5 


7.1X10"" I" 


8.4X10'^ 




teeth 


plus 35X0.4 






48 


opnere 


~3.5 


— 2X10 


—10" 




Dislocation 


~73 
















96 


Pintr - 


I./ 


O.BXIO 


... 

I.2XI0'-' 


96 


f^IlXLC WLUl 


on V 1 1 


IXIO 


3X10'^ 






plus OA IJ 






96 






~jX 10 


inl2 

—10 


96 


OilJrtf afinn 


'to 








loop 










Plate 


26X2.5 


1.7X10"'* 


3X10" 


431 


Plate with 


26X2.5 


2.6X10"" 


4.5X10'^ 




fins 


plus 5X7 






431 


Sphere 




-5X10-™ • 


-10" 


431 


Dislocation 


-45 




6X10" 




loop 









"Assumes a 12X12X1.5 mn^ square plate. 

■■Assumes a 12X12Xl.5:nin' square plate plus a 35X35X0.4 nm^ square 
plate. 

'Assumes a sphere of diameter 3.5 nm. 

"■Assumes a 20X20X1.7 nm square plate and calculated volume for plate 
multiplied by 1.5 to give volume for plate with fiiL 



20 nm and a thickness of 1.7 nm. The 80% of the precipitates 
have the plate shape, but the other 20% have in addition a 
"finlike" extension on one' side or on both sides. Amorphous 
spherical particles with a mean diameter of 4 nm and density 
of about lO'^ cm are also present 

Also in fhe samples annealed for 431 h the main defects 
are amorphous oxide plates on {100} planes and extrinsic 
stacking-fault dislocation loops on {111} planes. The plate 
diameters were about 26 nm, thickness 2.5 num, and density 
about 7.5X10'^ cm~^. In this case the TEM micrographs 
showed diat about 40% of the precipitates were plates and 
the other 60% have the "plate with fins" shape. These finlike 
extensions are typically 8 nm wide at the base where they 
join the main plate. They extend for about 15 nm in the 




FIG. 60. HREM image of a plateUke precipitate with finBke extension ob- 
served in a silicon sample annealed at 750 °C for 431 h (from Re£ 244). 



(a) 

(b) 
(c) 

(d) 
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HG. 61. Scheme of the development of a precipitate along (100) plane: (a) 
double-row stnicture; (b) double-row stmcture with platelet; (c) platelet; (d) 
platelet with fins (from. Ref. 244). 



directions perpendicular to the plate. This last type of pre- 
cipitate is very similar to the octahedral precipitates found by 
several authors'^-''^^-^^^-^^'-^^^ and predicted by thermody- 
namic considerations.^^" Figure 60 shows a HREM image'"^ 
of a typical platelike precipitate with a finlike extension. The 
main habit plane is the (100) silicon lattice plane. The TEM 
results just illustrated suggested to Bergholz al}'^ for Cz 
silicon samples, annealed at 750 °C, the precipitation se- 
quence reported m Fig. 61. Precipitation starts with the for- 
mation of a thin oxide plate on a {100} plane, formed only by 
few atomic layers. At one end the thickness increases, then 
spreads along the tooth and leads to the formation of a bigger 
plate. This process is partially due to the oxygen diffusion 
from the thin region to the thick one, proceeding until the 
thin portion of the precipitate dissolves. The thick plate then 
develops the fins, which make the precipitates assuming the • 
octaedral shape. To accommodate the volume of the oxide 
plates in the silicon, interstitial silicon atoms are produced, 
some of which combine forming the extrinsic stacking-ifeult 
dislocation loops observed in those samples. 

HREM measurements allowed investigations of precipi- 
tate shape and composition also at early stages of oxygen 
precipitation'''' in Cz silicon after 5 days annealing at 650 and 
870 °C. Two kinds of pretipitates ie " obs^iT/ed:' Rod^^^ 
shaped precipitates made of a crystalline silica phase (coes- 
ite), and dot-shaped precipitates made of an amorphous ox- 
ide phase. Both types are detected in the samples treated at 
650 °C. After heat treatment at 870 °C the small dot precipi- 
tates grow in size assuming a square shape and lying on 
{100} planes. The thickness of all these precipitates is so 
small (about 1.5 nm) that they could not be detected by con- 
ventional methods. ■ 

C. Infrared absorption 

Oxygen precipitation in silicon can be studied using IR 
spectroscopy in two ways. One of them can be defined as an 
indirect method for detection and quantitative evaluation of 
precipitated oxygen. It is based on the measurement of inter- 
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FIG. 6Z Results of the statistical reductioa of test A data (&om Ref. 333). 

stitial oxygen concentration by the intensity of the 1107 
cm~' band before and after the precipitation annealing. As- 
suming that the decrease of C^,. is only due to precipitation, 
such a decrease can be considered a measure of the concen- 
tration of precipitated oxygen. The second method, more re- 
cent and sophisticated, is a direct ohe. arid is based on the 
detection and analysis of precipitate-related absorption bands 
in the mid-IR spectral range. Although data analysis is not 
straightforward, this second method can provide more infor- 
mation about precipitates (shape, composition, orientation, 
local density) and can be used also for' as-grown silicon, 
where the first method is completely ineffective due to its 
higher sensitivity limit. In this subsection both methods of 
analysis are described and the most significant experimental 
data available in the literature reported. 

1. Indirect precipitate detection 

The procedure for the evaluation of interstitial oxygen 
concentration by the IR-absorption band at 1107 cm"' in 
the room-temperature spectrum of silicon is described in Sec. 
n C 1 and the conversion factors reported. Therefore, only 
the use of this procedure for the study of oxide precipitates is 
illustrated here. 

The reproducibility of the results of this indirect method 
has been recently tested^^'' to state whether it is suitable for 
the development of an ASTM standard test method. B- and 
P-doped Cz silicon samples (100) oriented and with 10-15 
il cm resistivity (p type) and 1.5— 7 O cm resistivity (n type) 
are studied. The samples from different silicon material ven- 
dors have been studied in different laboratories by measuring 
ttie difference AOf of interstitial oxygen concentration before 
and after one of two kinds of thermal treatments, called test 
A and B. Test A consisted of a 16 h annealing at 1050 °C and 
test B was the same as test A, but with a 4 h preheating at 
750 °C. All other annealing parameters (ramp up and down, 
push and pull rate, ambient) were the same. 

The values of AOj obtained for p- and w-type wafers 
after A and B heat treatments are determined for samples 
with different initial oxygen concentrations. A statistical re- 
duction of the data was performed by evaluating, for each 
0.5 parts per million atoms (ppma) interval in initial C^^, the 
ayerage values of C^^^ and AO,- . The results obtained in a 
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HG. 63. Results of the statistical reductioii of test B data (froni Ref. 333). 

single laboratory by a FTIR instrument are reported in Figs. 
62 and 63 for samples subjected to A and B tests, respec- 
tively. The solid lines around the data points in the figures 
represent the 2cr band in AO,- as calculated from the data of 
four laboratories. After test A no precipitation detectable as 
AOf occurs in samples with initial C^^ lower than about 
8'>?10" atoms/cm^ (15-16 ppma), then precipitated oxygen 
increases up to 4X10"^ atoms/cm^ in "samples with 9XlO'^ 
atoms/cm'' initial C^^ . A different behavior was found for the 
samples subjected to test B. Precipitation begins to be detect- 
able for initial C^^ as low as 6.5X 10^^ atoms/cm^ and rapidly 
increases (for samples with 7.5X10" atoms/cm'^ initial O^ 
concentration precipitated oxygen reaches 5-6X10" 
atoms/cm^); then the precipitation rate decreases 
(AO,-~7 X 10 '"^ atoms/cm^ for 9X lO" atoms/cm^ initial O,-). 

Some possible sources of error in the measurements of 

are present:. 

(i) the backside roughness of the wafers; 

(ii) the different type of IR spectrometer (dispersive or 
Fourier transform); 

(iii) different software package to calculate C^^; 

(iv) after heat treatment the oxide precipitate band can 
overlap the interstitial oxygen peak leading to an in- 
correct value of . Nevertheless, some conclusions 
can be drawn: 

(1) No differences are evidenced in oxygen precipitation 
from n- and p-fype silicon at the doping level tested; 

(2) the thermal treatments carried out in different laborato- 
ries give completely equivalent rcStilts; 

(3) the preheating enhances oxygen precipitation (see Sec. 
HID). 

On this basis an ASTM standard method for oxygen pre- 
cipitation characterization in silicon wafers by the measure- 
ment of interstitial oxygen reduction was developed in 
1989.^'^'^ This standard illustrates a method of selection and 
preparation of test samples, evaluation of error sources, and 
calculation and interpretation of the results. 

2, Direct precipitate detection 

The first evidence of an effect of SiO^^ precipitates on the 
Si optical properties was reported by Kaiser" who detected 
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IR light scattering in heat-treated Cz silicon. The pioneer 
work by Patrick^^^ showed that an IR-absorption band at 
about 1230 cm"' rises in Cz Si samples where oxygen pre- 
cipitation occurred during heat treatment for long times. Hu 
and Patrick^"'* studied the effect of oxygen concentration on 
dislocation movements, correlating dislocation size and IR- 
absorption spectra. A series of indents was made to create 
dislocations in Si samples with ranging from 5X10" to 
15X10" atoms/cm^ and annealed for different times (from 
20 min to 240 h) at different temperatures (from 700 to 
1300 °C). The IR-absorption spectra clearly show, for long 
sample annealing at 1000 °C, a significant reduction of the 
intensity of the 1107 cm"^ absorption band indicating a re- 
duction of interstitial oxygen concentratiori. In the same 
spectra a new absorption band appears at 1230 cm~' due to 
the clustering of oxygen atoms. From then on, the behavior 
of the IR-absorption band at about 1230 cm"' related to 
precipitated oxygen was extensively analyzed. For example, 
Rozgonyi and Pearce^^' evidenced that when oxidizing the 
wafers in HCl-added oxygen ambient the 1225 cm band 
disappears, due to the reduction of oxygen precipitation. 
From IR-absorption spectra where a 1225 cm~^ band is 
present Hu'^' showed that oxidizing ambients strongly retard 
precipitation. The investigation of the 1225 cm~' absorption 
band after sample annealing at different temperatures al- 
lowed Shimura et aL^°''^^° to conclude that the precipitates 
are made of cristobalite and they form through .heteroge- 
neous nucleation. 

Tempelhofif et al. - studied oxygen precipitation in 
dislocation-free Cz silicon subjected to annealing at tempera- 
tures ranging fix»m 400 to 1000 °C and compared the results 
obtained &om IR and TEM measurements on the same 
samples. They found that oxide precipitates present a differ- 
ent shape depending on the annealing temperature. 

In the low-temperature range (&om 400 to about 
750 °C), where the spectra show a broad absorption peak 
growing in intensity and shifting its maximum from 1030 to 
1100 cm"' with increasing the temperature, the precipitates 
consist of amorphous SiO;^ {x<2), which transforms into 
SiOj if the annealing temperature is raised. In this tempera- 
ture range TEM images show the appearance of rodlike de- 
fects and their transformation in dislocation loops. 

In the intermediate temperature range (about 750- 
950 °C) tile, appearance of two intense peaks at 1125 and 
1222 cm"* in the high-energy region of the spectra and. at 
489 cm"' in the low-energy region lead the authors to the 
conclusion that a-cristofaalite precipitates were formed. In 
this temperature range TEM measurements reveal the pres- 
ence of dislocation loops and platelet-shaped precipitates. 

After high-temperature annealing (about 950-1100 °C) a 
decrease in the intensity of the two high-enerigy peaks as well 
as of the low-energy peak occurs, while two peaks at 1100 
and 472 cm"^' show up. This was interpreted by the authors 
as due to the conversion of a-cristobalite into amorphous 
SiOo- TEM images of the same samples show the dissolution 
of platelet-shaped precipitates and the formation of micro- 
precipitates. 

Results of IR-absorption measurements and of high- 
resolution TEM investigation on oxide precipitates in Cz sih- 
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FIG. 64. Infiared-aBsorption spectra and high-resolution transmission elec- 
tron microscopy images of different silicon- samples annealed in the tem- 
perature range 600-1275 "C. The sample characteristics and annealing con- 
ditions are: (a) C„=L4X10'' atoms/cm', Cc=2.2X10'' atoms/cm', 
annealed foir 240 h at m^'C; "(b) C„^=1.5XI0'^ atoms/cm^ 
Cc=I0JX10" atoms/cm', annealed for 64 h at 900 "^C; (c) C^= 1.4X10^* 
atoms/cm', Cc=6X10'* atoms/cIn^ annealed for 64 h at 900 °C; (d) 
C„= 1.6X10" at0Ins/cm^ Cc=slO'* atoms/cm^ annealed for2 h at 1275 °C 
(from Re£ 234). 



con specimens'after heat treatments in the temperature range 
from 600' to 1275 °C were also reported by Gaworzewski 
et alP^'^^^ By analyzing samples with initial interstitial oxy- 
gen concentration firom 0.9 to 1.5X10'^ atoms/cm^' and witii 
carbon concentration from lO'^ to ' lO" atoms/cm-', they 
found that at least four different kinds of precipitates exist, 
depending on the temperature of heat treatment, on oxygen 
and carbon "concentrations and on the thermal history of the 
samples. The correlation^* between IR-absoiption spectra 
and the corresponding TEM micrographs of the four differ- 
ent precipitates is shown in Fig. 64. In Fig. 64(a) the broad 
band centered at about 1085 cm"', obtained after annealing 
samples with Co;t=1.4X10'^'afoms/cm^ and Cc=2.2X10'^ 
atoms/cm^ for 240 h at 600 °C, is clearly correlated to the 
presence' of rodlike "defects. In Fig. 64(b) the broad band 
centered near 1100 cm"', less symnletrical than that reported 
above, is obtained after annealing , samples with 
Co^=1.5X10i* atoms/cm^ and Cc=10.5X lO'*' atoms/cm^ 
for 64 h at 900 °C. In this case TEM micrographs show the 
presence of a high density of globular-shaped precipitates 
with small size. In Fig. 64(c) the IR spectrum characterized 
by a double band with peaks at about 1120 and 1225 cm"' 
obtaiaed after anneaUng for 64 h at 900 °C Si samples with 
Cox=1.4XlG** atoms/cm^ and Cc=6X10'^ atoms/cm^ is re- 
ported. The authors do not confirm tiie presence hi this case 
of a-cristobahte precipitates, as proposed by Tempelhoff 
et al., because some of the spectra do not show the 
characteristic absorption band of cristobalite at 485 cm"'. 
Instead, they suggest that the double-peak structures ob- 
served in the absorption spectra of these samples may be due 
to the contemporary presence of the precipitates shown iu 
Fig. 64(b) responsible for the absorption, at 1120 cm"', and a 
new form of precipitate responsible for the absorption at 
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1225 cm"'^. This last band, as also suggested by Hu,^^^ can 
be attributed to platelet-shaped precipitates. TEM_ micro- 
graphs reveal the formation of irregularly shaped precipitates 
with a weakly decreased density with respect to those found 
in the samples of Fig. 64(b). The IR spectrum reported in 
Fig. 64(d) shows two absorption bands at 1 105 and 470 cm~' 
and refers to samples with Cg^— 1.6X10^^ atoms/cm^ and an 
undetectable Cq , annealed for 2 h at 1275 °C. The spectrum 
shows the same features as the typical spectrum of. amor- 
phous bulk Si02 and was found only in Si wafers initially 
oxygen rich and carbon free (under the IR detection limit) 
The TEM pattern evidences faceted octahedral precipitates 
and do not show any defects of small size, except those 
induced by octahedral precipitates. 

The first model to justify the absorption band at about 
1230 cm~^ of Si02 precipitates in silicon was proposed by 
Hu.^^' He approximated the precipitates by ellipsoids with 
axes (ai, 0-2, 0^2), obtaining in this way with continuity the 
different shapes from the needle (a | = «>) to the sphere 
(a, =02) to the disk (or platelet, ai = 0). For small precipi- 
tates (less than 0.36-/im-long axes) the electric field Ep in- 
side the particles can be considered uniform and is given by 



Ep=gE„ 



(89) 



where E„ is the electric field in the silicon matrix and g is a 
tensor. If the complex dielectric functions e„ and of the 
matrix and precipitate compounds are isotropic, for a particu- 
lar choice of the axes of the ellipsoid with respect to the 
coordinate system g becomes diagonal, with elements 



gr 



Liep + (l-Li)e„ 



(90) 



where j = 1 - 3 and are geometrical parameters related to 
the depolarization factors along the i axis of the ellipsoid. 
When the precipitates are randomly oriented in the silicon 
lattice the net effect is obtained by averaging over all the 
orientations, therefore g is a scalar, 

g-^^gl + g2 + gi)- (91) 

According to the effective medium theory,^*'-''*' the average 
electric field of the composite medium E^^g is given by 



E 



avg 



= (1-/)E„+/TE„, 



(92) 



where / is the volume fraction occupied by the precipitates 
in the sample, and 



Pavg=(l-/)Pm+/I'p. (93) 

where P^vg , P„ , and Pp are the average polarization vectors 
of the composite medium, the matrix; and the precipitates, 
respectively. From Eqs. (89), (92), and (93) the average com- 
plex dielectric function of the composite medium is ob- 
tained as 



= 1 + 



(l-/)(e„-l)+/(ep-l)g 



(94) 



il-f)+fg 

Then, the absorption coefficient a can easily be calculated as 



Im e„ 



Re n 



2ttv, 



(95) 



Li=l(Diac) 




Li=0 



(Needle) 



< 1100 1200 1300 
WAVE NUMBER (cm-i) 

FIG. 65. Calculated infiared-absoiption spectfa.of silicon substrates with 50 
ppm volume of small SiO^ particles of various shapes (&om Re£ 339). 



where n^^g is the average complex index of refraction calcu- 
lated from 6a^g (n = -Je) and v is the wave number. 

Figure 65 shows the absorption coefficients calculated 
from Eq. (95) of 50 ppm of SiO, precipitates embedded in 
the silicon sample, iinder the hypothesis of different precipi- 
tate shapes?^' The curves are labeled using the values of the 
depolarization factor Lj, i.e., with Li= 1 (disk), Li=0.9, 
0.8, 0.7, 1/3 (sphere), O.l and 0 (needle). The results of Fig. 
65 were obtained considering the refractive index of silicon 
equal to 3.35 and the extinction coefficient to 2.5X10"^ 
i>-' " (v in 
optical functions. 

It is interesting to note that the depolarization factors 
Lj = 1 and L2~Lj=0 correspond to thin plates of all shapes 
and, in particular, to the disk shape. This last morphology is 
typical of oxide precipitates ui silicon after sample annealing 
at intermediate temperatures (see Sec. UI C). Moreover, the 
frequency of the experimentally observed absorption band at 
about 1230. cm"' appears reasonably close to 1215 cm~\ 
which -is the one calculated for disks. Hu^'^* assigned the 
1230 cm~' band to the longitudinal-optical (LO) mode of 
Si02 composing the precipitates, suggesting that LO mode, 
usually IR inactive in bulk materials, can be detected in par- 
tictilar system such as the disk-shaped precipitates in silicon. 



' ) and e„ taken from the literature SiO, 

342 ^ 



avg 



Figure 65 shows that the 1215 cm" band is absent in the 
calculated spectra of spherical Si02 particles embedded in 
silicon. In this case a less-pronoimced peak at about 1095 
cm~^ and a very weak peak at 1170 cm~' show up, attributed 
by Hu to transverse optical (TO) mode and TO+LO mode, 
respectively. Hnally, it is worth noting that no infomiation 
comes from the reported analysis concerning the structure, 
crystalline or amorphous, of the precipitates. 

Shimirra and co-workers^'^ investigated the relation be- 
tween carbon atoms in substitutional positions and oxygen 
precipitation in Cz silicon crystals on the basis of a detailed 
analysis of the 1225 and 1124 cm~^ absorption bands related 
to SiOj precipitates. 

A very interesting comparison between IR spectra' and 
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microdefects in bulk Cz silicon wafers subjected to single- 
step isothermal, two-step (low-high and high-high), and 
three-step (high-low-Mgh) annealing was performed by 
Kung."''*^ In the absorption spectra of the single-step- 
annealed samples a brpad peak at 1230 cm"' is observed, 
becoming very strong in the spectra of three-step-annealed 
samples where also a new band at 1125 cm~' is present. 
After the low-high two-step annealing no absorption bands 
in the range from 1100 to 1300 cm~^ were observed. After 
the high-high two-step annealing thelpectra are very similar 
to those of single-step-annealed samples, but present a sig- 
nificantly lower peak amplitude. According to Hu^^^ the ap- 
pearance of a sharp peak at 1230 cm"' in the spectra of 
samples subjected to a three-step annealing reveals the pres- 
ence of tiny platelet-shaped precipitates. The band at 1125 
cm"' in the same spectra is attributed to thicker platelets. 
After the single-step annealing platelet precipitates are also 
present, but their density in the samples is lower with respect 
to the density in three-step-annealed samples. Moreover, 
many precipitates are tangled with dislocations and do not 
have exactly the platelet shape. Therefore, the 1230 cm~' 
absorption peak detected in the spectra of the single-step- 
arinealed samples is not as sharp and intense as in the spectra 
of three-step-annealed samples. In the two-step annealed 
samples no platelet particles are observed and this clarifies 
why the absorption hand at 1230 cm"' is absent in the cor- 
responding spectra. 

IR absorption was also successfully applied, in addition 
to other techniques, to investigate the effect of electron irra- 
diation on oxygen precipitation in silicon samples annealed 
at 900 °C for up to 444 h, after the irradiation by a 2 MeV 
beam with doses ranging from lO'' to lO'* cm~V Two 
kinds of defects were formed by irradiation in the silicon 
samples, i.e., vacancy-oxygen centers and vacancy-dioxygen 
centers. In all the samples an enhanced oxygen precijpitation 
fate was detected; in the samples with the first kind of cen- 
ters it was only a transient process related to a dose- 
dependent decreasing of the nucleation time (see Sec. Ill A). 
On the contrary, ui the samples with vacancy-dioxygen cen- 
ters the enhancement of precipitation is a more stable phe- 
noiiienon, attributed to the fact that such defects act as nuclei 
for precipitation, although quite inefficient. The different 
nucleation times observed for the different IR-absoiption 
bands confiim their origin froin dififerehtly shaped precipi- 
tates. 

An oxygen precipitation enhancement was also 
observed^''^ in FZ silicon samples (Co^= 1.8X10''' 
atoms/cm^) irradiated with thermal neutron doses of 
2.9X10" and 1.13X10'* neutrons/cm^ After 30 min anneal- 
ing the IR spectra of all the samples treated at temperatures 
higher than 600 °C evidenced the typical absoiption band 
due to SiOj. precipitates. The neutron-irradiated silicon 
samples present a lot of vacancy-type defects which probably 
act as precipitation nuclei also when the interstitial oxygep 
concentration is very low, as ia FZ samples. 

Recently, Borghesi et al?'^^ showed evidence of oxygen 
precipitation in Cz silicon samples annealed at 1100 °C for 
only 80 min, while the usual precipitation annealing takes 
several hours. This was made possible by the development of 




FIG. 65. Map of absoibance values at 1230 cm ' as a fiinctlon of the 
position where the spectra were taken on the sample surface {xy plane) 
(&om Ref. 348). 

a new high-spatial-resolution tectujique,^*^ which allows one 
to perform IR-absorption measurements on sample regions 
as small as 20 /zm in diameter. Spatial resolution is higher 
than that used in previous microscopic IR studies,''^^ and a 
deeper analysis of the results can be performed, thus obtain- 
iiig more information about the characteristics of SiO^ pre- 
cipitates in silicon. Such a high-spafial-resolution technique 
applied to oxide precipitates detection gives the following 
two advantages. First, by performing several series of mea- 
surements on a high number of adjacent spots it is possible to 
draw a map of IR absorption at 1230 cm"', i.e., a map of 
discoidal precipitates present in the samples.^'*^ In this way, 
the inhomogeneous precipitate distribution within the 
samples was detected, as shown in Fig. 66, where the absor- 
bance values at 1230 cm"' are reported as a function of the 
spot coordinates on the sample surface where the corre- 
spondiag .spectra were collected. Second,, a very small aver- 
age concentration of discoidal. SiO^. precipitates can be re- 
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FIG. 67. Intensity of 1107 and 1230 cm"' absorption bands (curve A and B, 
respectively) in one particular site as a function of the spot diameter used for 
the measurements (from Ret 345). 



J. Appl. Phys., Vol. 77, No. 9, 1 May 1995 Appl. Phys. Rev.: Borghesi etal. 4219 

Downloaded 28 Ju! 201 1 to 128.59.62.83. Redistribution subject to AlP license or copyright; see http://jap.aip.org/afcsout/rEghts_and_pennissiQns 



vealed when using spot diameters small with respect to the 
standard dimensions (—1 cm). This was demonstrated by 
collecting several IR spectra at the same position on the 
sample using different spot sizes. For a spot diameter from 
20 to 50 juLm the absorption band at 1230 cm"' was detected 
(curve B), whereas the same band is no longer observable 
when the spot grows larger, as shown in Fig. 67. At the same 
time; the 11 07 cm"' band intensity (curve A) remained con- 
stant, indicating a homogeneous distribution of the intersti- 
tial oxygen atoms. This has been interpreted as due to the 
fact that with large spots the sample volume investigated 
during the measurements is soiarge that the concentration of 
precipitates over all this volume decreases below the IR de- 
tection limit. Such a behavior can be related to the inhomo- 
geneous distribution of precipitates in as-grown samples or 
after short annealing treatments. 

Using the same technique, evidence of oxygen precipi- 
tation occurring in epitaxial silicon layers was achieved."'''^ 
In principle, this should not be possible, because epitaxially 
deposited silicon layers are oxygen free. As a matter of fact, 
oxygen has been shown''^'' to diffuse during epitaxial Repo- 
sition to about 15-20 ^im from the Cz substrate into the 
epitaxial layer through the detection of the 1107 cm"' ab- 
sorption. band (related to the presence, of interstitial oxygen). 
A summary of high-spatial-resolution IR results concerning 
both oxygen diffusion into the epitaxial layer and formation 
of SiO;j precipitates was presented by Piyac et al.,^^^ who 
studied differently doped substrates" and epitaxial layers. 

A local preferential orientation of the disk-shaped pre- 
cipitates in the silicon lattice has been deduced''^''^^^ from IR 
measurements performed at different sample orientations 
with respect to the incident beam, which show a strong 'de- 
pendence of the 1230 cm~^ absorption band on orientation. 
According to the effective medium theory, in fact, only when 
the electric field "of incident radiation is perpendicular to the 
diskoidal precipitates does absorption, at 1230 cm~^ occur. 
Therefore, the detected anisotropy in IR absorption leads us 
to conclude that the SiO^. particles giving rise to the absorp- 
tion within the analyzed volume are preferentially oriented. 

The orientation effect of the disk-shaped precipitates" in 
silicon on IR absorption has been investigated by some of 
the authors^^^ by comparing effective rnedium theory results 
and IR spectra collected with polarized light. Considering the 
precipitates as disks lying on the ix,y) plane, which is also 
the plane of incidence during IR-absorption measurements, 
in the coordinate system of the ellipsoid principal axes the 
elements of the tensor g [see Eq. (90)] become 




a) 




%' 200 pm 



30 pm 




JFIG. 68." (a) Picture showing the stripe cutting from the silicon wafer; (b) 
experimental configuration used for the absorption measurements (from Ref . 
353). 
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Then, following the same procedure as that illustrated above 
[see Eqs. (89), (92), and (93)ji different expressions for 
in the case of light polarized along the x (or y) axis t)r along 
the z axis can be obtained. 



6^^=(l-/)e„+/ep 



(99a) 



and 



Sxx Syy 1 > 



(96) 



and 



(97) 



Therefore, Eq. (89) for the cases of light polarized along the 
different axes leads to different electric field components in- 
side the pardcles, i.e.. 



If the disks, (precipitates) are randomly oriented fie effective 
dielectric function of the samples should be an average of 
expressions (99a) and (99b), and no polarization-dependent 
IR spectra are expected. On the contrary, in the case of a 
preferential orientation of the precipitates, spectra collected 
with different light polarizations must be different, as con- 
firmed with measurements performed on differently oriented 
samples. Figure 68 shows the sample cutting procedure (a) 
and the experimental configuration (b) corresponding to the 
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FIG. 69. Transmission spectra calculated on the basis of Eqs. (11), (95), and 
(99) for a 200-yitm-thick sample with 5 ppm volume of oxide precipitates 
(from Ref. 353). 



assumptions made to derive Eqs. (99a) and (99b) and used to 
collect the transmission spectra, while Fig. 69 shows the re- 
sults of the calculations in terms of transmission of a 200- 
/im-thick sample with volume fraction of the precipitates 
ppm. Figure 70 reports high-spatial-resolution spectra 
collected with incident hght unpolarized [Fig. 70(a)] or po- 
larized [Fig. 70(b)] along the x axis (0°), along the z axis 
(90°), and along intermediate directions (30° and 60°). From 
the comparison of the results of Figs. 69 and 70 it is easy to 
conclude that the precipitates are strongly oriented. In par- 
ticular, ix,y) plane, corresponding to the (100) crystal- 
lografic plane of sihcon, is thek habit plane. This conclusion 
is not completely equivalent to the conclusions of the kinetic 
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FIG. 70. (a) Relative transmission spectrum, taken with unpolarized light; 
(b) spectra taken on the same position with light polarized along the x axis 
(0°), the z axis (90°), and two intermediate directions (30° and 60°) (from 
Ref. 353). 



e 

O 

m 
o 

o 

o 



o 



1 ■ ' — i — v 
a - quartz 1 


1 ' 


5 cm 1 


X.5 


-r^^ ^ ^ V 




cristobaJite 


ft 


If 

~:^'~^T~~-, — Tz/I 


H 


amorphous Si02 / f) 

1 , 1 / 




~ thermal SiOo^y \ - 
I.I, t^. 


_ B-dopedSiOa 

1,1. 


1 



1000 1100 1200 1300 1400 
WAVE NUMBER (cm"^) 

FIG. 71. Absorption coefficient calculated for. silicon witli 5 ppm volume of 
oxide precipitates made of different Si02 polymoiphs (from Ref. 248). 



model for the formation of disk-shaped SiO^^ precipitates 
about their orientation (see Sec. in C). Also the kinetic of 
precipitation predicts the {100} as the habit planes, but it 
does not distinguish among all the equivalent {100} planes, 
i.e., the (100), (010), and (001). On the contrary, the IR re- 



sults by Borghesi et al. 



248,249,353 



indicate that the precipitates 



mainly lie on (100) planes, i.e., they are parallel to the wafer 
. surface [all Cz silicon samples were cut from (lOO)-oriented 
wafers]. Probably, being (100) planes perpendicular to the 
ingot growth direction, some anisottopy was introduced in 
the silicon crystal during Cz grovrth and this should have 
influenced precipitate orientation in the as-grown crystal. 
Such afl anisotropy was not removed by the short annealing 
treatment performed. 

An additional advantage due to the high-quality spectra 
of high-spatial-resolution technique is the possibility of 
studying the exact peak position and Une shape.'** From 
these analyses information about stoichiometiy and structure 
of the oxide composing the precipitates can be obtained with 
a consequent quantitative evaluation of precipitate volume 
j&action more reliable than those previously obtained by 
standard IR spectroscopy. The absorption coefficient of sili- 
con samples with 5 ppm volume fraction of diskoidal pre- 
cipitates, made of different SiOz polimorphs, both crystalline 
and amorphous, were calculated as a first step, to compare 
with experimental curves. As shown in Fig. 71, the peak 
positions found considering the precipitates as made of 
a-quartz, cristobalite, amorphous, and thermal SiOx and 
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FIG. 72. Absorption coeiifiqient calculated for silicon with 5 ppm volume of 
oxide precipitates made of different substoicbiometric SiOj^ (from Ref. 248). 



B-doped Si02 were all different from Cije experiniental 1230 
cm~^ therefore, none of these compounds is presumably the 
material composing the precipitates. Then, the hypothesis 
that this type of precipitate is composed of SiOj^ with x<2 
was checked^'^'''^'*^ for the cases jc= 1, 1.5, 1.6, 1.8, and 1.9. 
The spectrum calculated using the optical functions of amor- 
phous SiOi g leads to a veay good agreement with experi- 
mental findings, therefore showing that x=1.8 is the sto- 
ichiometric index corresponding to the oxide actually 
composing the disk-shaped precipitates. In Fig. 72 the spec- 
tra calculated for these amorphous substoichiometric oxides 
are reported for comparison with the experimental ones of 
Fig. 70(b). 

From a comparative study of the line shapes of the ex- 
perimental and calculated absorption bands, the first one 

strongly asymmetrical and the second one symmetrical, the 
authors concluded that probably forms of SiO^j. with jc<1.8 
are also- present as "oxides composing the particles. In fact, 
from a decrease of x a decrease of the wave number of the 
peak position is predicted by the effective medium theory 
[Eqs. (99a) and (99b)], so that the broad shoulder at low 
wave number can be interpreted as a contribution from sub- 
oxides with < 1 . 8 . 

Finally, the quantitative evaluation of the actual fraction 
/ occupied by the precipitates has been made from the inten- 
sity comparison between experimental and calculated spec- 
tra, resulting in/=5 ppm for the precipitates made of SiO] g. 
This very low concentration shows once again that the high- 
spatial-resolution technique is fundamental for detecting the 
precipitate absorption band in samples annealed for short 
times. Quantitative evaluation of precipitates made of the 
other oxides, responsible for liie asymmetry of the absorption 
band, leads^^"^ to even lower / values, such as 2 and 3 ppm 
for oxides corresponding to jc= l and 1.5. Nevertheless, 
some doubts about the validity of the quantitative analysis of 
IR absorption_at 1230 cm"' are raised based on the depen- 
dence of the spectra on many parameters. First of all, spectra 
collected with unpolarized light do not allow any reliable 
evaluation; moreover, even with polarized light one has to be 




HG. 73. Scheme of the SANS apparatus at Institute Laue Langevin in 
Grenoble (from Ref. 244). 



sure about the exact polarizer position and the SiOj^ stoicBi- 
ometry. 

A detailed discussion of results concerning the possible 
habit planes for platelet-shaped precipitates as deduced from 
IR measurements is reported by some of the authors^^^ also 
for as-received Cz silicon samples (i.e., samples subjected 
only to the thermal-donor killing treatment prior to the mea- 
surements). The hypothesis of oxygen precipitation taking 
place in such samples, without any annealing, was already 
proposed, "^''•"•''^^'■'^^ but this is the first experimental evi- 
dence of the presence of disk-shaped precipitates. 

An. alternative approach to effective medium theory has 
been recently proposed''^^ to explain IR results on oxygen 
precipitation in silicon, based on the Berreman elfect.'^^^ All 
the features of experimental spectra can be justified also fol- 
lowing this interpretation. On this basis, for the case of SiO^^ 
disks embedded in silicon the two approaches have been 
shown to be identical. 

Recently, a low-temperature FUR mapping of oxide pre- 
cipitates in silicon has been" performed.^^* While at room 
temperatme the absoqjtion band related to interstitial oxygen 
is at 1107 cm"', at low temperature it shifts to 1136 cm"', 
making the precipitate absorption band at 1100 cm~' also 
detectable. Although the kind of precipitates giving rise to 
the 1100 cm"' absorption band is still unclear, the authors 
believe that from the height of both 1100 and 1230 cm"' 
absorption bands a reUable quantitative evaluation of oxide 
precipitate density in the samples can be performed. 



0, Small-angle neutron scattering 

SANS is a powerful technique for the study of clusters 
or precipitates in a material when the mismatch between the 
neutron-scattering coherence length of the grains and of the 
matrix is large enough that scattering at very small angles 
can be detected. The knowledge of size, density, shape, and 
crystal orientation is essential in order to give a complete and 
satisfactory description of phenomena such as oxygen pre- 
cipitation in silicon. From the analysis of the scattered neu- 
trons it is possible to obtain such a global information in a 
single experiment, with the additional advantage (with re- 
spect to other techniques) that large samples (> 1 cm^) can be 
used, so that the data obtained are representative of the bulk. 

In Fig. 73 the sjpectrometer DU at the Institute Laue 
Langevin in Grenoble is .schematically reported.^ From the 
collimated beam of monochromatic neutrons, incident on the 
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sample, the unscattered neutrons, blocked by a beam stop, 
are separated from those scattered through small angles, fall- 
ing on a two-dimensional detector comprising an array of 
3808 1 X 1 cm" active elements. The neutron beams travel in 
evacuated tubes to minimize the scattering. 

The scattered neutrons give rise to successive anular re- 
gions about 1 cm wide: The radius of each anular cell corre- 
sponds to a scattering vector Q vs^ith'*' 



1Q| = 



4-77 sin 6 



(100) 



where B is half of the scattering angle and X. is the wave- 
length of the incident neutrons. As a general rule, X is greater 
than the Bragg cutoff (which in the case of silicon is 6.26 A, 
i.e., twice the largest interplanar spacing). 

It should be noted that incoherent scattering as weU as 
the contributions from randomly distributed impurity atoms 
would give rise to negligible or very small isotropic scatter- 
ing. On siich a background, measurable signals can show up 
due to constructive interference originated by local-density 
fluctuations if the properties of the materia! deviate from 
those which give rise to the just-mentioned background. This 
takes place for instance with the presence of clusters, micro- - 
crystallites, and small aggregates of impurities, having spe- 
cific characteristics. As for the space resolution,. SANS al- 
lows one to resolve spatial features in the range i-100 nm. 
In other words, this "technique is particularly suitable when 
one has to study properties of space inhomogeneities having 
a size of that order, and the information should be extracted 
from the bulk or from a relatively large size volume. Further- 
more, the capability of the technique to study low concentra- 
tions of defects has been demonstrated:^^' Volume fractions 
down to —10 ppm have been characterized. 

The observed scattering is the Fourier transform of the 
geometrical shape of the precipitates and is given by^^ 



dcr 

la 



Ap|^exp(iQT)dV 



(101) 



where & is the scattering cross section, ft is the solid angle, 
r is the real-space vector, n is the number of precipitates per 
unit volume, N is the number of atoms per unit volume of 
the host lattice, Ap is the contrast difference between the 

precipitate and the matrix, and V is the volume of one pre- 
cipitate, da/dil is usually called the absolute differential 
scattering cross section. After carrying out the experiments it 
is also possible, with the help of a computer approach to the 
scattering process, to derive conclusions on shape and orien- 
tation of defect aggregates from die symmetry of the scatter- 
ing pattern. Details on the SANS technique as applied to the 
Study of precipitates in silicon are given in Refs. 41, 244, and 
360. 

A detailed study of oxygen precipitation in silicon an- 
nealed at 750 "C for different times has been performed by 
Bergholz et al?-'^ using SANS. The results are shown in Fig. 
74 which reports the cross section daldH as a function of 
|Q|. Open circles and triangles down refer to an untreated 
sample and shows a low and flat cross section, denoting the 
absence of precipitates. As the aimealing time grows, the Q 
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dependence of the cross section becomes stronger. In the 
same article it is also possible to find a detailed comparison 
among SANS, TEM, and IR-absorption results. 

The orientation of the precipitates can be inferred from 
the anisotropy of the detected scattering pattern.^" In prin- 
ciple, the size of the precipitates could be determined from 
the Fourier fransform of the scattering pattern (we recall that 
the SANS pattern is the Fourier Iransfonn of tJie real defect), 
but this "approach presents some difficulties related to the 
limited region of the reciprocal space involved. 

SANS has been used^' to study in detail platelet-shaped 
precipitates formed in Cz silicon samples, treated at 750 °C 
for different times. From the fourfold symmetry of the scat- 
tering images and from the sample orientation with respect to 
the incident neutron beam it was deduced that the precipi- 



TABLE X Summary of SANS and IR data for the different annealing 
conditions. The parameter w, the radiuS of the precipitates and the number 
density of precipitates N are reported (from Ref. 41). 



SANS data 



IR. data 



T (°C) 


f (h) 


w 


r{k) 


N {cmT^) 


r{k) 


(cm-2) 


650 


2000 


b 


. 32 


Z5X10'* 


30 


1.3X10" 


700 


808 


4.5 


93 


4.3X10'^ 


59 


1.8X10" 


750 


16 


b 


29 




31 


2.4X10'^ 


750 


72 


b 


54 


1X10'^ 


64 


2.4X10'^ 


750 


208 


2.0 


88 


3X10'^ 


95 


2.4X10'^ 


750 


600 . 


4.3 


143 


1.2X10" 


113 


2.4X10'^ 


750 


744 


6.1 


133 


1.5X10'^ 


114 


2.4X10" 


800 


808 


6.8 


146 


1.1X10'^ 


196 


4.6X10" 


800 


1000 


5.6 


153 


9.9X10" 


196 


4.6X10" 


850 


808 


10.7 


210 


3.8X10" 


316 


1.1X10" 



"Assumed to be constant 
""Spherical precipitates. 
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tates have cubic symmetry and that their short edge is per- 
peadtcular to (100) planes. Moreover, the narrow streaks of 
the pattern indicate that the other dimension of the precipi- 
tates is much larger than that along [100] direction, confirm- 
ing that after the mentioned annealing the precipitates are 
platelets lying on {100} planes. 

Recently, SANS has been demonstrated as a suitable 
technique also for the study of precipitates in heavily doped 
crystals,"^'''^^' where other analytical methods such as IR- 
absorption spectroscopy cannot be applied. 

An interesting comparison between SANS and IR- 
absorption results can be performed on the basis of Table X 
for Cz samples annealed, .at well specified annealing 
conditions.''^^ The precipitate radius and the number of pre- 
cipitates per unit volume as deternuned by the two tech- 
niques are listed and show a fairly good agreement. The 
radius increases and the concentration decreases as the an- 
nealing temperature and time increase. This can be related to 
the fact that increasing the. temperature more nuclei redis- 
solve and the others grow to larger dimensions. The param- 
eter w is defined as the ratio between the large and the small 
edges of the precipitate; for example, for a cube w = 1, while 
for a very thin platelet w would become large. The parameter 
w allows one. to. evaluate the shape of the precipitates for the 
different aimealing conditions: They are initially spherical, 
becoming progressively more platelike as the annealing time 
at 750 °C increases. For long annealing time at temperatures 
from 700 to 850 °C the precipitates are platelets, while at 
650 °C they are spherical even after 2000 h annealing. 

E. Optical scattering 

Optical scattering is an important aspect of the interac- 
tion of electromagnetic waves, with a material. Scattering due 
to the presence of imperfections is detectable with standard 
techniques and is being used as a method of investigation.^^ 
In particular, when oxide precipitates (with a diameter 
smaller than the wavfelength) are embedded in the silicon 
crystal lattice, they act as scattering centers and optical scat- 
tering can be detected. In this case, using an incident elec- 
tromagnetic wave in the wavelength range where both sili- 
con and silicon oxide are transparent, i.e., from about 1 to 9 
fim, Rayleigh scattering- is responsible for the decrease of the 
intensity of transmitted radiation. Such a decrease is usually 
described by introducing tbe absorption coefficient a; due to 
the scattering. In particular. Kaiser'' obtained the concentra- 
tion N (cm~^) of the scattering centers (precipitates) having a 
diameter of about 0.1 /llir in Si wafers heat treated at 
1000 °C using a radiation wavelength of 1.15 /um from the 
following relation 



N-- 



24 TT^ NoM 



-«si 



(102) 



where Nq is the number of oxygen atoms per cm^ present ia 

the precipitates, M is the molar weight of the particle mate- 
rial (M=60 for Si02), p is the density of particle material 
(p=2.3 g cm""^ for Si02), A. is Avogadro's number, and n^^ 
and are the refractive indexes of Si02 and silicon, respec- 
tively. . ■• ■ 
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FIG. 75. Experimental setup for LST measurements (from Ref. 372). 



Following the same procedure Newman et al. ob- 
tained the behavior of versus temperature,' very similar to 
that obtained from etch-pit measurements. Nevertheless, the 
N values obtdried from Eq. (102) are about three times 
greater than those foimd from etching measurements. 

1. Laser scanning tomography 

The analytical method just illustrated is based on bulk 
scattering, i,e., information is obtained by measuring the to- 
tal light scattered by a given sample volume. In the 1966s a 
new method based on the measurement of the individual 
particle scattering was proposed to detect imperfections in 
crystals This new technique enables one to study par- 
ticle?, inhpmogeneity clusters, and dislocations using a scan- 
ning ultramicroscope. 

It has been subsequently largely improved by Moriya 



and Ogawa- 



and Ogawa and Narigo, particularly in 



the experimental setup. They use as source a 15 mW He-Ne 
lasei- (X==1.15 fim), focused on a 40-/im-diam spot on the 
sample and an IR microscope with a TV camera to collect 
the scattered ligjit at 90° with respect to the incident light. 
Successive images are digitized by a frame memory and re- 
corded, in a dedicated computer. A step-by-step acquisition 
allows to draw a map of scattering centers. This particular 
approach, called laser scanning tomography (LST), offers the 
opportunity to investigate structural defects in semiconduc- 
tors , transparent to IR radiation. In particular, impurity pre- 
cipitates in silicon caused by fluctuations of growth param-. 
eters, dislocations decorated by impurities or undecorated, 
and lattice defects were detected and made clearly visible. • 
It is worth noting that the scattered light is proportional 
to tfa6 density N of scattering centers and to theii: cross sec- 
tion ft. In the case of an electron trapped in an electronic 
center with H-hke , structure, ft can be written as^^^ 



(103) 



where , and F are the classical radius, the resonance 
frequency, and the damping constant of the electron, respec- 
tively, to is the laser frequency, and 20 is the angle between 
incident and scattered light 

Although in the IR range the scattered intensity is re- 
duced compared to visible light, the high detectivity and am- 
plification obtained usiog a computer and a camera allow one 
to get high-quality images. A comparison between an IR to- 
mograph and a Lang topograph (see Sec. IV F) for a sample 
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TABLE XI. Precipitate density N obtained by. LST on a Si sample after 
different annealing times t. The measured numbers of particles are consid- 
ered distributed in a 0.213X10' fim^ volume (from Ref. 374). 



OFSO" 



Sample 


t (h) " 


No. of particles 


N (lO'/cm^) 


a 


2 


1589 


7 


b 


5 


4306 


20 


c 


10 


4977 


23 


d 


25 


5861 . 


.27 



treated for 160 h at 900 °C is reported in Ref. 365. The 
images are very similar but the deduced precipitate densities 
are different because IR tomography detects only the precipi- 
tates present in a slab about 40 jmh thick (i.e., of the order of 
the laser spot dimension), while, the sample thickness inves- 
tigated by Lang topography is equal to the thickness of the 
whole sample (in this example 2 nun). 

The application of LST to oxide precipitates in silicon 
was further developed by Gall et al?^^"^'''^ Their experimen- 
tal setup is reported in Fig. 75. A Nd:YAG laser (X.= 1.06 
fim) is focused on the lateral face of a silicon wafer and the 
laser beam enters the material as a nearly parallel beam, due . 
to the high refractive index of Si. The scattered light is col- 
lected at 90° with respect to the laser beam direction by a TV 
camera with a PbS-PbO vidicon tube. The silicon wafer is 
then moved step by step and the corresponding images are 
stored in a computer to obtain a two-dimensional scattering 
pattern- In this way an image of the scattering particles lying 
in a "tomographic plane" parallel to the wafer surface can be 
obtained. The thickness of the tomographic plane depends on 
the size of the laser spot The diameter of the beam, typically 
30-50 ^am, can be reduced down to 5-10 fjbm for high- 
resolution images. The method is powerflil enough to detect 
very small defects, with dimensions lower than 100 A and 
density up to lO'^ cm~^.^^ 

From the analysis of a series of I^T images the concen- 
tration of precipitates was studied as a function of anneal- 
ing time, as reported in Tfeble XI. LST is very useful to detect 
small nucleation sites and can reveal precipitate densities be- 
low the etch-pit detection limit.^^^ 

2. Scanning infrared microscopy 

A different approach to use light scattering for the study 
of impurities and defects is the laser scanning microscope, 
first developed by Wilson and Sheppard^'^ using a visible 
laser light focused on the sample surface. The reflected light 
coming from the mechanically rastered-scanned specimen 
was collected by a photodiode detector to produce an image 
of the sample siuface. 

In the last years a scarming infrared microscope" (SIRM) 



was developed" 



377-379 



on the basis of the same general prin- 



ciples. SIRM uses an IR laser beam (NdiYAG at 1.32 /tm) 
wiiich can be focused not only on the sample surface but also 
within the sample bulk. The light reflected or transmitted at 
different angles due to scattering gives dark-field (DF) or 
bright-field (BF) images, respectively, as shown in Fig. 76.' 
SIRM supplies three-dimensional images of precipitates, 
voids, localized point defects, and microstrains, in other 
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X-Y raster ,Y 
scan ^■ 



X 



FIG. 76. Scheme of the optic geometries used during SIRM measurements 
(fiom Ref. 380). 



words of any kind uf scatterers. Dislocations and particles 
decorating the dislocations can also be revealed: 

The size of the spot, typically ranging from 1 to 3 /im, 
depends on the nmnerical aperture of the focusing system 
and on the refractive index of the material under study. For 
BF images the transmitted light is collected by a Ge jphoto- 
didde. When a particle moves to the laser focus the incident 
light is scattered and the photodiode signal is reduced. A dark 
two-dimensional image of the particles can be drawn by 
moving the speciinen with a high-precision translator along 
the X and y directions (with fixed z) synchronously with the 
position of the pixels of a screen. Three-dimensional images 
can then be obtained performing the same measurements at 
different depths z and by scanning the xz or yz planes. A 
similar procedure carried out after placing the photodiode at 
different angles (such as 45°, 90°, 135° indicated iri Fig. 76) 
provides a three-dimensional image of the light scattered 
from the particles, which in this case appear bright in a DF 
image. The instrument is fully automated and computer 
elaboration is performed to unprove image quality. The sche- 
matic diagram of SIRM operating in BF mode is shoWn in 
Fig. 77. The typical volume analyzed is 1.5X1.5X15 fim^ in 
a standard configuration. The use of a pin hole in front of the 
detector (confocal mode) allows to improve spatial resolu- 
tion up to an analyzed volume of about 1X1X7 /ma^.-'^°'^^^ 

Images collected with polarized fight allow one to deter- 
mine the Burgers vector of dislocations present in the 
sample. SIRM can be used for particle densities of about 
Ip^-lO' cm~^ and a single particle down to 30 mn in size 
can be detected. A summary of the SIRM operating modes 
and mechanisms producing the contrast and information ob- 
tainable are reported in Fig. 78. 

Images in BF and DF taken from a (Oil) cross section of 
a Cz Si wafer heat treated to grow oxide particles in the bulk 
of the wafer and to obtain a denuded zone have been ana- 
lyzed in Ref. 380 and are shown in Fig. 79. Single particles 
are detected in the BF image as dark spots and in the DF 
image as bright spots. Moreover, the presence of a denuded 
zone in the surface region where the density of particles is 
very low is observed. Quantitative data of precipitate density 
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FIG. 77. Schematic diagram of a SIRM apparatus operating in BF mode 
(from Ref. 380). 



are obtained by counting the number of spots present in the 
volume analyzed. The values obtained at different depths 
form the analysis of narrow stripes parallel to the wafer sur-r 
face is reported in the lower profile of Fig. 80. This profile 
clearly shows the presence of the denuded zone, which is 
about 40 [im thick, followed by a region of about the same 
thickness in which particle density progressively increases 
from below the detection limit (about 10^ cm~^) to the bulk 
value (1.5X10^ cm~^). The upper profile in Fig. 80 is ob- 
tained from the analysis of a wafer subjected to the same 
thermal treatment, except that the time of the first annealing 
step at ilOO°C was reduced from 16 to 8 h. The lower 
annealing time of these samples produced only a region with 
a partially reduced density of particles (extended to about 60 
(mx from the surface) and the denuded zone is not com- 
pletely evident. 

Finally, we note that very interesting results were ob- 
tained from SIRM measurements in the study of intrinsic 
gettering of metal impurities such as Cu, Co, Pd, and Ni by 
oxide precipitates.^^^*^ 

F. X-ray topography 

Among the techniques developed for materials charac- 
terization, x-ray diffraction is of particular interest due to its 
sensitivity to lattice distortions and to the ability of x rays to 
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FIG. 79- BF and DF SIRM images of a (Oil) cross section of a silicon wafer 
heat treated to grow oxide precipitates in the bulk, creating a denuded zone 
(&om Ref. 380). 



penetrate into thick samples. X-ray topography,^ based sub- 
stantially on x-ray diffraction, is a nondestructive technique 
that gives a direct access to the nature of extended crystal 
lattice defects, with the drawback, however, of the relatively 
poor spatial resolution of about 10-20 //ra.^^' Several review 
articles illustrate the use of x-ray topography for the study of 
defects in semiconductors.^'*-^^^ -^^ 

X-ray analytical methods are based on the interaction of 
incident x-rays with the crystal lattice. X-ray diffraction and 
absoiptioii are influenced by imperfections or defects in the 
crystal lattice and their analysis gives qualitative and quan- 
titative information about crystal imperfections (point de- 
fects, dislocations, stacking fanlts, grain boundaries; precipi- 
tates, voids). 

It is well known that for perfect crystallographic planes 
the intensity of diffracted x-rays follows the Bragg equation 



'K — 2d sin ^g. 



(104) 




50 100 150 200 
DEPTH BELOW SURFACE (fim) 



FIG. 80. Profiles of precipitate density along the thiclcness for a sample 
annealed at 1100 °C for 16 h, at 800 °C for 8 h, and at 1100 °C for 16 h 
(lower profile) and one subjected to the same thermal cycle, with a shorter 
(8 h) first step (upper profUe) (from Ref. 380). 
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FIG. 81. Schematic representation of the defect imaging process by. Lang 
X-ray topography (from Ref. 319). 



where k is the x-ray wavelength, d is the distance between 
the dififracting crystal planes and 0g is the angle between 
scattered beam and diSracting planes (Bragg angle). 

Basically, x-ray topography experiments can be carried 
out in two modes of operation, i.e., transmission and reflec- 
tion. 

/. Transmission topography 

Transmission x-ray topography is usually performed 
with the instrumental setup designed by Lang in 1958.^^^""^^ 
The Lang camera is schematically represented in Fig. 81.-"' 
It provides the possibility to synchronously scan the crystal 
and the nuclear (photographic) plate using a tall narrow 
beam of x-rays. Diffracted x rays passing through the crystal 
give the transmission x-ray topograph. The very sharp inci- 
dent beam typically consists of a characteristic line whose 
horizontal divergence is limited to about 4 min of arc by a 
slit at the end of the collimation tube. The vertical divergence 
of the incident beam is controlled by using a point source of 
x-rays and adjusting the divergence between source and 
sample. The crystal under study is usually oriented so that a 
set of lattice planes (hkl) fulfills the Bragg equation. In this 
way, as shown in Fig. 81, a sectional image of the crystal 
lattice is collected at the plate. The diffracted beam coming 
out from the back of the sample passes through a slit which 
prevents the transmitted beam and fluorescent radiation from 
influencing the photographic emulsion. As shown in Fig. 81, 
the emulsion is exposed to the beam A'B' yielding an image 
of a cross section of the crystal at the position AB. 

It is important to note that Bragg condition does not 
apply simultaneously to the perfect regions of the sample and 
to the regions where the lattice spacing or orientation locaUy 
varies due to crystal defects. Consequently, the diffracted 
x-ray intensity recorded on the photographic plate changes in 
correspondence of the points where irregularities of the crys- 
tal lattice are present. For example, any defect or strain cen- 
ter located at position D within the bulk creates intensity 
variations that are observed as a confrast at position D' on 
the photographic plate. This yields a section topographic im- 
age that can be used to locate the position of the imperfection 
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FIG. 82. Comparison between infrared determination of interstitial and pre- 
cipitated oxygen (upper figure) and a sectional x-ray topograph (lower fig- 
ure) of a silicon crystal (fhjm Ref. 392). 



within the bulk of the crystal. By activating a scanning 
mechanism, an image of the entire sample can be obtained. 
An automatic control is generally used to maintam the Bragg 
condition during the scanning process. X-ray topography 
was also developed for in situ measurements^^' to follow 
step-by-step dynamical processes. 

Due to its peculiarity, x-ray topography is widely used in 
the studies of oxygen precipitation after heat treatments of 
silicon crystals.^''^*''^^' The opportunity of x-ray topogra- 
phy to obtain images of large sample sections is veiy useful 
in the study of oxide precipitate distribution both in wafers 
and in ingot sections. For example, Fig. 82 shows a compari- 
son between oxygen precipitation in a 180-mm-long silicon 
-single crystal produced by high-oxygen and low-growth-rate 
pulling, as detected by IR-absorption bands at 1107 and 1230 
cm"' (related to interstitial and precipitated oxygen, respec- 
tively), and a sectionai x-ray topograph of the same crystal, 
as reported by Abe.^'^ The interstitial and precipitated oxy- 
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FIG. 83. Interstitial oxygen profile along a longitudinal section of a crystal 
detached firom the melt and annealed a 1000 "C for 16 h in Ar (upper figure); 
x-ray topograph of the same sample (lower figure) (from Ref. 392). 
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PIG. 84. X-ray topograph of a silicon wafer subjected to a thennal treatment 
for denuded zone formation (ifem Ref. 321). 

gea concentrations in the as-grown crystal are inhoraoge- 
aeously distributed along the growth direction. 

Nowadays, in standard as-grown single crystals it is very 
difficult to evidence any defects generated during growth; 
however, some defects such as oxide precipitates, present in 
as-grown materials as nuclei or very small particles, become 
detectable during the heat treatments following the growth. A 
very interesting example^^ is shown in Fig. 83 referring to a 
longitudinal section of a sihcon ingot detached from the melt 
and heat treated for 16 h at 1000 °C. The lower image in Fig. 
83 shows the x-ray topograph and the upper one reports the 
interstitial oxygen concentration C^^ meastired by IR spec- 
troscopy at different distances front the seed. For comparison 
also the C^^ in the as-grown crystal is reported. While the O,- 
distribution in the as-grown material is uniform, after the 
heat treatment a reduction of interstitial oxygen, concentra- 
tion from point A indicates that in the end side of the crystal 
oxygen precipitation took place. This is due to thie rapid 
cooling of this part of the crystal firom growth temperature to 
room temperature (caused by the detachment) generating by 
thermd stress a lot of nucleation sites for oxygen precipita- 
tion. The reductioni of interstitial oxygen evidenced by IR- 
absotption measorements corresponds to the white contrast 
regions in the x-ray topograph. 

An x-ray topographic image of a section of a 450-/im- 
thick silicon wafer after denuded zone formation'"' is shown 
in Fig. 84, where the device (surface) region is evidenced to 
be precipitate free, while the central region presents a high 
precipitate density (black dots). 

, X-ray topography has been useful to Freeland et a/.^'"' to 
clearly evidence the effect of preheatmg on oxygen precipi- 
tation. They studied dislocation-free Cz crystals containing 
8X10^^ atoms/cm^ of interstitial oxygen and aimealed for 8 h 
at 1200 °C. One of the samples was also subjected to a pre- 
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no. 85. Scheme of the camera for reflection-mode x-ray topography (firom 
Ref. 319). 
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heating for 2 h at 700 °C. In the as-grown crystal with no 
pretreatment no defects are visible after 8 h annealing at 
1200 °C, while the crystal which received such a preliminary 
treatment shows a large number of defects. 

2. Reflection topography 

Besides the transmission geometry, x-ray topographs can 
also be obtained by diffracting the x-rays back through the 
entrance sample surface. This mode is called reflection, 
Berg-Barrett,'^^'*'''^^ or Bragg geometry. Figure 85 schemati- 
cally illustrates the inherent simplicity of the camera for 
reflection-mode topography. Operationally, the angle of inci- 
dence a should be small for maximum illumination of the 
sample and minimum interference with the photographic 
plate, the angle between the mcident and diffracted direc- 
lions 2 0s should be near 90°. Also, the diffracted x-rays 
should be absorbed perpendicularly to the enaulsion. This 
minimizes photoelectron track lengths and image distortion 
in the thick emulsions. 

It is important to point out that in the reflection geometry 
only the first layers of a sample are investigated, typically 
2-10 "/«n and occasionally down to a depth of 50 /mi. 
Therefore, the reflection mode is particularly suitable for the 
study of epitaxial layers and of material processing problems 
where surface strain is important 

Reflection topography of semiconductor samples has not 
been so popular as the transmission mode, where the images 
are characterized by a better contrast. Nevertheless, there are 
many situations where the selective imaging of the surface 
defect structures by reflection topography is advantageous, 
e.g., when the dislocation density is such that coimting dis- 
location sites is simpler than analyzing overlapping lines. 

In the analysis of crystal surfaces by reflection topogra- 
phy a choice of the diffracting plane is an important issue. 
The penetration depth of x-rays, the magnitude of the distor- 
tions in the vicinity of the defects, and the angular range of 
reflection for regions of perfect crystal, called the Darwin— 
Prins half-width,''^^ determine the abDity to image disloca- 
tions and/or surface strain gradients. Other factors such as 
geometrical image distortions and diffracted beam intensity 
must be also evaluated. All these variables are coupled 
through the (hkl) plane which produces the image. A very 
useful analysis and compilation of data for all possible {hkl) 
planes for six. semiconductor materials (Si, Ge, GaP, GaAs, 
InAs, and InSb) has been given by Halhwell, Childs, and 
O'Hara^'^ for wafers with {100}, {110}, or {111} surface ori- 
entations. The use of reflection-mode topography for depth 
analysis is also discussed by Rozgonyi and Miller.'*^ 

Double- and triple-crystal reflection topography have 
also been developed^^*'^'^ utilizing two (or three) successive 
Bragg reflections. The first crystal (or the first two) act as a 
monochromator, while the second one (or the third) is the 
sample to be studied. These configurations are very sensitive 
to strain (measurable Ad/d~10^^) and this reduces the spa- 
tial resolution of the technique, since the strain field extends 
far from the generatmg crystal defects. 

Recently, x-ray topography has also been used to study 
the distribution and size of oxide precipitates after heat treat- 
ment of MCz sUicon samples.^^^'*° The low density of pre- 
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FIG. 86. Experimental (left-hand side) and simulated (right'hand side) im- 
ages of oxide precipitates in a MCz sample annealed at (a) 450, (b) 650, and 
(c) 800 "C'for 18 h (&om Ref. 399). 

cipitates present in these samples allows one to study the 

individual particles. la Ref. 399 images obtained by x-ray 
topography have been compared with numerical simulations. 
This procedure allows one to estimate the magnitude and the 
sense of the strain field generated by precipitation. Three 
MCz 43 0-/mi- thick samples have been studied alter anneal- 
ing for 18 h at 450, 650, and 800 °C. In Fig: 86 the experi- 
mental (left-hand side) and simulated (right-hand side) im- 
ages of precipitates for the different annealing temperatures 
are shown.> The parameter accounting for the strain effects, 
determined by matching tlie illustrated images, incre ases 
riionotonically with annealing temperature.^^' 

V. TECHNOLOGICAL INTEREST OF OXYGEN 

PRECIPITATION 

The fabrication of high-performance analog and digital 
integrated circuits (IC) requires rather complex processing 

sequences involving several high-low temperature treatments 
in both inert and oxidizing ambients. Each thermal treatment 
may result in the formation of a lot of defects in the silicon 
substrate and in the surface region which can have detrimen- 
tal effects on the IC performances and yield.'*"' For example, 
in the 1 Gbit electrically eraseable read-only memory the 
minimum Hnewidth is predicted to be about 0.15 yctm with a 
defectivity lower than 1 defecf/km. To significantly reduce 
their,defectivity, the devices are generally produced on high- 



quality epitaxial films and not directly on the silicon wafer 
surface, which is sometimes damaged. The perfection of 
these films depends on several factors such as the cleanliaess 
of the substrates, the deposition parameters, and, especially, 
the imperfections of the substrate surface. 

Since one of the main sources of bulk and surface de- 
fects is oxygen precipitation, a direct correlation between 
device yield reduction and oxygen precipitation has been 
evidenced^ Nevertheless, when oxide precipitates form far 
from the epi-substrate interface they can have a beneficial 
effect, acting as gettering centers for metal impurities. 

Usually, to reduce the impuritv content in the device 
regions two different gettering techniques are applied. The 
first one, called external or extrinsic gettering, can be pro- 
vided by several processes such as HCl oxidation, back- 
surface implant, phosphorus back-surface diffusion, sand 
blasting, abradiag, laser kradiation, polysilicon deposition, 
or film stress. The second one is called intrinsic or internal or 
in situ gettering (IG), and is provided by bulk SiO^^ precipi- 
tates. In particular, for 'each SiO;^ particle formed during pre- 
cipitation, some .Si self-interstitials are produced, due to vol- 
ume expansion. The so-emitted self-interstitials can form 
dislocation loops, since a dislocation loop represents an en- 
ergetically more favorable state than randomly arranged self- 
interstitials. Moreover, the large volume increase associated 
to the precipitation is not completely released by the Si self- 
intersdtial emission and each precipitate particle is normally 
surrounded by a strain field. The dislocation loops, which 
usually contain an extrinsic stacking fault,'*"^ and the strain 
field surrounding the precipitates provide the IG. 

In the surface region the situation is quite different. In- 
deed, during annealing oxygen diffiises out from the bulk 
leaving an oxygen-depleted zone close to the surface, called 
the denuded zone [(DZ), see Sec. .V c].'*^'^^-'^"'-'"'^ This pro- 
cess can be explained considering that oxygen is a rather fast 
diffusing element (its diffusion coefficient is more than two 
orders of magnitude larger than that of other doping impuri- 
ties in silicon). Out-diffusion reduces the interstitial oxygen 
concentration and then the chemical driving force for oxygen 
precipitation. As the degree of supersaturation falls 
the precipitation rate is drastically reduced, reaching zero 
near the surface region. As a consequence, in this region the 
defects caused by oxygen precipitation are strongly 

DZ formation and IG are the main procedures used in 
the IC industry to increase device yield. In fact, the presence 
of bulk stacking feults or precipitates close to the wafer sur- 
face leads to the formation of stacking faults and disloca- 
tions, respectively, in the epitaxial layer, i.e., in the region 
where the devices are created. Therefore, it is very important 
to find the relation between the defect density in the epitaxial 
layer and the DZ depth, although this is not straightforward. 
A careful examination of the region close to the interface 
between epitaxial layer and substrate shows occasional pre- 
cipitates also in the DZ area, sometimes extending to all the 
epitaxial film. This means that the DZ is not homogeneous 
and its width (or depth) is not constant, therefore the above- 
mentioned relation can be found only on a statistical basis. In 
this respect, Rossi et al.'^ suggested an interesting study of 
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FIG. 87. Histograms of the number of precipitates as a functioa of di.stance 
from epilayer/substrate interface for two different samples (a and.b) and 
normal curve best fit (solid lines) (firom Ref. 404). 



the relation between surface defects and DZ depth, based on 
an operational definition of the DZ depth. They proposed the 
following procedure: 

(i) Determination of defect density on epilayer surface by 
wet chemical etching; 

(ii) cleavage, angle polishing, and etching of the wafer 
• cross section; 

(iii) mea.surement of the distance of the precipitates from 
the epilayer/substrate interface along the entke wafer 
diameter, obtaining a distribution; 

(iv) construction of the histogram of the number of pre- 
cipitates versus distance and fitting by a normal curve; 

(v) calculation of the probability of finding defects at the 
epilayer/substrate interface, given by the area under 
the normal curve extending in the epilayer region; and 

(vi) plotting of the defect density in -the epitaxial layer 
measured in step (i) versus the probability of finding a 
defect at the epilayer/substrate interface, deduced iii 
step (v). Two examples of histograms obtained by 
Rossi et al.^°^ are reported in Fig. 87. In the upper 
figure (a) tbe histogram and the normal curve fit (solid 
line) refer to a silicon wafer where the average dis- 
tance of the first precipitates from the surface is about 
14 fjuai. The standard deviation of the distribution is 
about 2.8 ^m and the probability of finding a defect at 
the interface is 10^*, corresponding to a measured 
defect density at the epilayer surface of 4 defects/cm^. 
Figure 87(b) reports the same results for a different 
wafer, where the average distance of the first precipi- 
tates is only 8 yttm (standard deviation 2.8 ^m), the 
probability of finding a defect at the epilayer/substrate 
interface is 10"'^, and the measured defect density on 
the epilayer surface is 237 defects/cm^. The empirical 
relation between the probability of finding defects at 
the epilayer/substrate interface and the defect density 
on the epilayer surface was deduced by Rossi et alf"^ 
for different samples and is reported in Fig. 88. The 
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FIG. 88. Experimental data (dots) of epitaxial defect density as a function of 
the probability of finding a defect of at the epilayer/substrate interface. The 
solid line represents the best fit (from Ref. 404). 



figure clearly evidences that materials having a 10% 
probabiUty of finding defects at the interface show a 
defect density at the epilayer surface of IQ-'-lO^ 
defects/cm^^ (right-hand side of Fig. 88) and therefore 
are not suitable for any device fabrication. From the 
analysis of the curve it is possible to deduce that in 
order to minimize the defect density on the epilayer 
surface, the probability of finding a defect at the in- 
terface with the substrate must be as small as 10~*. 
For these probability values no substrate contribution 
to the epilayer surface defects is found and the defects 
eventually, present have a different origin. Rossi 
et ciL^ suggest that the probabiUty value lO""^ dotted 
line in Fig. 88 separates the region where the substrate 
contribution is significant (right-hand side) from that 
where different factors affect the defect density on the 
epilayer surface (left-hand side). 

A. Influence of precipitation on the mechanical 

properties of silicon 

During wafer heating or cooling a large temperature gra- 
dient between the center and the edge of the wafers is created 
which generates dislocations, when the mechanical stress ex- 
ceeds the silicon elastic limit (critical shear stress). These 
dislocations propagate from the edge to the center of the 
wafer and their generation and mobihty strongly depend on 
the temperature and on the availability of dislocation sources 
like oxide precipitates.^^^''*"^ While in nonprecipitated wafers 
dislocations are mainly generated at the wafer edge, in pre- 
cipitated wafers they are generated in the center region. Patel 
and Chaudhiny''^^ reported the fhst study of the critical stress 
as a function of oxygen precipitation, dislocation density, 
temperature, and strain rate. More recently an accurate study 
of warpage, defined as the deviation exMbited by the center 
line of a wafer firom the planar condition, when such a de- 
viation includes both concave and convex regions, was per- 
formed by Leroy and Plougonven."*"^ They determined the 
temperature dependence of the critical shear stress es a func- 
tion of "precipitated oxygen concentration. The data of the 
critical stress at the center of the wafer are reported in Fig. 
89. The figure clearly shows that as the precipitated oxygen 
increases the temperature marking the critical shear stress 
decreases. In other words, the higher the oxygen precipita- 



4230 J. Appl. Hhys., Vol. 77, No. y, 1 May i995 



/\ppl. Phys. Rev.; Boighesi et at 



Downloaded 28 Jul 2011 to 128.59.62.83. Redistribution subject to AlP license or copyright; see http://jap.aip.org/about/rights_and_permissions 





50 










H 


OA 






H 

B 


10 


CO 




o 






5.0 


CO 




CO 






A.U 


&^ 




CQ 


1.0 


< 




0.5 


1—1 




o 


0.2 




precipitated 
oxygen 

(10" atoms/cm^) 



10 7 4 1 0 



700 900 1100 

TEMPERATURE (°C) 

FIG. 89. Critical stress at the center of tiie wafer as a Amction of annealing 
temperature for different precipitated oxygen concentrations (from Ref. 
408). 



tion the lower the mechanical strength. An important result is 
that wai page increases with wafer diameter, so that the use of 
tliicker wafers is necessary. 

Dislocation generation, especially when it occurs at the 
center of the wafers, produces waiping, therefore influencing 
the wafer mechanical properties. A study of the influence of 
oxygen precipitation and dislocations on mechanical proper- 
ties of heat-treated Cz grown silicon was performed by Ya- 
sutake, Umeno, and Kawabe'*°' on samples with 9-lOXlO" 
atoms/cm-' interstitial oxygen content and with 8-12X10'^ 
atoms/cm"' (crystal l) or undetectable (crystal H) carbon con- 
tent. They evidenced that after annealing at 800 "C for 240 h 
the stress in crystal I does not decrease, probably due to the 
fact that the very small oxygen clusters (<50 A) present in 
this sample do not act as dislocation sources, but as obstacles 
to their movement. On the other hand, the stress in crystal 11 
is remarkably lower, probably due to the presence of glide 
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FIG. 90. Change in waipage as a function of precipitated oxygen concen- 
tration after n thermal cycles at 1000 °C (from Ref. 410). 




(c) 



FIG. 91. Scheme of various models proposed to explain emitter-collector 
shorts: (a) Enhanced diJOEiision of emitter dopant along die crystal defect; (b) 
locally retarded base-dopant diffusion; (c) precipitation of fest diffusing im- 
purities (from Ref 415). 



dislocations nucleated on platehke precipitates, present with 
large densities (~10' cm~^) and dimensions. The direct in- 
fluence of precipitated oxygen on wafer warpage for differ- 
ent sample heat treatments is illustrated in Fig. 90."^'° The 
figure refers to the warpage change as a function of precipi- 
tated oxygen after n thermal cycles at 1000 °C on samples 
preannealed at 800 °C. The change in warpage is defined as 
the difference in the bow along two orthogonally crossed 
(010) and (001) directions with respect to an untreated wafer. 
The warpage change increases as precipitated oxygen in- 
creases. This confirms that oxide precipitates act as sites for 
dislocation generation, which results in plastic wafer defor- 
mation. The wafer warpage is therefore uiversely propor- 
tional to interstitial oxygeJn concentration.'*^^ 



B. Influence of precipitation on the electrical 
properties of silicon 

Electrical properties of IC devices are strongly influ- 
enced by the presence of defects like those indiiced by oxy- 
gen precipitation in crystalline silicon. For example, leakage 
currents. Which increase in presence of oxide precipitates, are 
responsible for device degradation.^ In particular, they in- 
crease, the current in reverse-biased p-n junctions, reduce 
refresh time in dynamic random access memories (RAM), 
and are responsible for the large collector-emitter current in 
bipolar transistors when the base terminal is open. The leak- 
age current is related to different types of dislocations and to 



stacking faults, both intrinsic and extrinsic,' 



412-414 



originating 



from oxide precipitates. These defects strongly affect the de- 
vice yield being present in the active regions of the wafers 
(where the devices are located), both at the wafer surface and 
in the epitaxial layer. For example, in shallow junction tran- 
sistors, emitter-collector shorts (pipes) increase the leakage 
current and constitute the dominant failure mechanism. Sev- 
eral factors have, been proposed as responsible for the forma- 
tion of pipes and are schematically illustrated in Fig. 91:'*^^ 

(i) The enhanced diffusion of emitter dopant along the 
crystal defects [Fig. 91(a)]; 



J. Appl. Phys., Vol. 77, No. 9, 1 May 1995 



Appl. Phys. Rev.: Borghesi et al. 4231 



Downloaded 28 Jui 2011 to 128.53.62.83. Redistribution subject to AlP license or copyright; see http://jap.aip.org/about/rights_and_permissions 




10-5 



10-6 



10-7 



10-8 



10-9 



900 1000 1100 1200 
TEMPERATUEE ^C) 

FIG. 92. Recombination lifetime as a filnction of the second-annealing tem- 
perature for n- and p-type silicon (from Ref. 423).;_ 



(ii) the locally retarded .base-dopant diffusion [Hg. 
91(b)]; and . ' . 

(iii) the precipitation of fast diffusing impurities on crystal 
defects I>ig. 91(c)]. 

At the present time, the model involving factor (i) pro- 
posed by Miller'^'^ is accepted to a larger extent, although 
many questions remain still unsolved about the. physical 
mechanisms involved- 
It was found that the formation of SiOjj. precipitates 
within the bulk oi Cz wafers affects both the recombination 
and the generation lifetimes.*^^ This has been found by using 
various techniques, . such as the pulsed MOS capacitor 
method,^""'*^' the diode recovery method,''^^ the photocon- 
ductive method,'*^' the surface photovoltage method,'*^* and 
the measurement of. the diode leakage current'^^^ Neverthe- 
less, it is not yet clearly established what causes the lifetime 
degradation, and questions on the following points are still 
open: The dominant source for lifetime degradation (precipi- 
tates, secondary defects such as dislocation loops or stacking 
faults, point def^ts); the relation of the carrier lifetime to the 
density and liie size of precipitates and to the Si/precipitate 
interface; the differences and similarities between the laiown 
Si/SiOj interface and the Si/precipitate iitterface. 

Variation of the recombination lifetime in Cz silicon 
with the temperature of the second annealing in a two-step 
anneal sequence as determined experunentaUy*^ for both p- 
and K-type bulk silicon is given 'm Fig. 92.' Data concenung 
samples subjected to different heat treatments fit well on the 
curves. From DLTS measurements Hwang and Schroder*^^. 
concluded that Si/precipitafe interface states are the domi- 
nant recombination centers; responsible for the lifetinie deg- 
radation. They developed a model to explain the difference 
between p- and «-type materials, based on the existence of 
fixed positive charges in the oxide near the Si/precipitate 
interface. 
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FIG. 93. Relative diffracted x-ray intensity as a function of relative refresh 
loss in a MOS dynainic RAM cell (66m Ref. 164). 



Kim, Kim, and Min'*^ also studied the effects of electron 
traps on generation lifetime in heat-treated «-type Cz wafers 
by DLTS. They found that the volume defects induced by 
oxygen precipitation are related to the formation of deep 
traps. Furthermore, they found a relation between the in- 
crease of generation lifetime in MOS devices caused by Dz 
formation and the decrease of defects due to the aggregation 
of the deep traps created by oxygen, vacancies, and disloca- 
tion loops in the region where oxygen precipitates. 

It has been reported*^ that in MCz crystals with 10 ppm 
of interstitial oxygen smaller amounts of oxide precipitates, 
dislocation loops, and stacking faults are produced after heat 
treatments as compared to conventional Cz crystals. Further- 
more, it has been also shown'^^'' that MCz crystals have a 
higher mijiority-carrier generation lifetime than FZ and Cz 
crystals." Most of the earlier studies"*^"^'*^^ showing that oxy- 
gen infiiiences recombination lifetime were performed on 
processed material, the process iconditions, process-induced 
impurities, and defects being possible causes of erroneous 
conclusions about the role of iSxygeh. To eliminate these 
problems. Pang and Rohatgi''^^ measured the lifetime before 
and after processing on wafers cut from different sections of 
the same MCz-grown ingot, therefore having different oxy- 
gen concentrations. They found that oxygen-related defects 
formed during crystal growth, such as microprecipitates, 
lower the hfetkne at a moderate injection level. On the con- 
trary, these defects do not affect the lifetime associated with 
defect-related extrinsic recombination mechanisms in jhigh- 
quality MCz with oxygen concentration <10 ppm. 

Carrier lifetime in oxidized samples was found to de- 
crease with oxygen concentration at lower as well as at mod- 
erate injection levels, while this is not true for as-grown ma- 
terial. The lifetime degradation at lower injection level is 
attributed to the interaction between process-induced impu- 
rities and oxygen. 

Bipolar devices containing dislocations and stacking 
faults in the p-n junction region exhibit an enhanced reverse 
cujtrent,*^ which may reach values up to five orders of mag- 
nitude higher with respect to a p-n junction without defects. 
An increase of the forward voltage drop'*^" and a reduced 



breakdown voltage ^ were also reported. The minority- 
carrier lifetime, defined as the mean time spent by excess 
charge carriers before they recombiae to reestablish the ther- 
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TABLE XH Average precipitated oxygen and average MOS leakage current 
for different vendor wafers after MOS process simulation (from Ref. 435). 
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FIG. 94. Mean generation current as a function of 1000 °C annealing tinne 
for MOS devices created on wafers cut j&rom the seed-end and the tail-end 
parts of a Cz silicon crystal (from Ref. 434). 



mal equilibrium carrier concentration,.is reduced when oxy- 
gen precipitation iricreases*^^ and electrical characteristics of 
n'^.-p junctions on wafers with high oxygen^ content (and 
then high precipitated oxygen content) strongly depends on 
preheating treatment conditions.'^^^ 

The- beneficial effects of precipitated oxygen on MOS 
devices was extensively studied from different points of 
view. Huff (?f aZ.,'^ by analyzing the performances of 
n-channel, MOS dynamic RAM, were able to correlate the 
refresh time to the MOS minority-carrier generation lifetime 
and to the amount of oxygen precipitated in the bulk of the 
wafer, as determined by x-ray topography. From the data 
reported in Fig. 93, where the relative diffracted x-ray inten- 
sity versus the relative refresh loss is iUustrated, the authors 
clearly demonstrate that an increased oxygen precipitation in 
the bulk can be rela.ted to a reduced wafer refresh loss, also 
for wafers supplied by different vendors. The absence of data 
in the upper right-hand side of the figure is significant and 
shows that high refresh losses are associated with minimum 
oxygen precipitation in the bulk. Patrick, Hu, and 



precipitat 

Westdorp reported the beneficial effect bif oxide precipi- 
tates in reducing the generation currents in MOS capacitors, 
where they act as gettering sites. The value of the generation 
current, measured by the method of capacitance relaxation of 
a pulse-depleted MOS capacitor, strongly depends on the 
heat treatment of the wafers, i.e., on the oxide precipitate 
concentration. The value of the mean generation current in 
wafers obtained from the seed-end and tail-end parts of a 
silicon crystal as a function of 1000 °C anneahng time is 
reported in Fig. 94, demonstrating that the generation current 
in MOS capacitors is strongly reduced by the- increase of the 
wafer annealing time, i.e., by the increase of oxygen precipi- 
tation. On the contrary, when the precipitation-induced de- 
fects lie within the active region, large generation currents 
result. 

Beyer et aL'^^^ studied the effect of a preannealing treat- 
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menf on wafers supplied by different vendors subjected to 

the MOS thermal process sequence on oxygen precipitation 
and on MOS leakage current Small variations of the MOS 
leakage cuirent were detected in flie different wafers after an 
initial 30 rain 1150 °C heat treatment m Oj and HCl. Without 
preannealing the MOS leakage current is significantiy higher 
as shown in Table XII. During the simulation of MOS pro- 
cess the oxide precipitate concentration is significantly dif- 
ferent in wafers supplied by different vendors and, within a 
given set of wafers coming from the same vendor, also from 
wafer to wafer. The reductiofi of MOS leakage current is 
correlated by Beyer et al.'^^^ to the presence of different de- 
fect distribiitions in aimealed with respect to unannealed 
samples, mainly due to the oxygen outdiffiision from the 
surface and consequently to the formation of a DZ. 

C. Denuded zone 

As illustrated before, the oxygen presence in silicon can 
play a positive or a negative role on the devices grown di- 
rectly on the wafers or on epitaxial layers. Defects induced 
by oxygen precipitation in the device area during device pro- 
cessing, in particular those decorated by heavy metals, 
strongly reduce the yield. However, defects present in the 
bulk of the silicon wafers have a beneficial effect on device 
performances by acting as gettering sites for contaminating 
atoms, which otherwise would reach the active regions lead- 
ing to the reduction^of device yield. To be able to success- 
fiiiiy use I6 in .production lines it is necessary to balance the 
amount of oxygen in different states during the circuit fabri- 
cation process. In particular, the amount of precipitated oxy- 
gen and the morphology of precipitates and their distribution, 
related to the depth of the DZ, have a strong influence on the 
gettering efficiency and therefore on the device yield. The 
conditions for efifective intrinsic gettering by oxide precipi- 
tates were studied by Tice, Tan, and Gardner.*^^''^^^ They 
found that after wafer annealing at 1150 °C the SiO^^ precipi- 
tates and the related dislocations are mainly concentrated in 
the middle of the wafer section, leaving a defect-free region 
many micrometers thick near the section edges (wafer sur- 
face). The effect of this defect distribution is the reduction of 
the leakage current in p-n junctions. 

A new IG technique based on the use of a two-step an- 
nealing was proposed by Nagasawa, Matsushita, and 
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The second is a low-temperature (or preannealing) step, 
where the nuclei for precipitation forra. The duration of this 
step determines the oxygen precipitation rate observed in the 
wafers. No measurable precipitation nor difiiision take place 
during this step. 

The third is a precipitation step, frequently correspond- 
ing to the fabrication process. 

The first step performed at high temperature is the most 
important one for DZ formation. The simplest model to cal- 
culate the out-difEusion of oxygen jBcom the wafer is based on 
the solution of the one-dimensional diffusion equation,'**' 



dt 



-=D 



(105) 



Kishino.'*^^ The first step, at high temperature (—1000 °C), is 
carried out in order to out diffuse interstitial oxygen present 
near the wafer surface. The second step, at low temperature 
(~650 °C), introduces a high density of microdefects in the 
inner part of the wafer. This produces a wafer having both a 
defect-firee DZ near the surface and a region rich in gettering 
sites in the bulk. More recently, the tristep thermal cycle 
shown in Fig. 95 has been recommended for IG 
applications''^^^ and is usually applied. The steps are as fol- 
lows. 

The first is a high-temperature step where the oxygen 
concentration near the surface is lowered due to out-diffusion 

and where precipitation does not occur. During this step the 
grown-in nuclei arc dissolved. The width, of the DZ csn be 
well controlled by the duration and the temperature of this 
step-^° 



where Cq^Cx,?) is the interstitial oxygen concentration and£) 
the diffusion coefficient. Considering the following boundary 
conditions, Cg being the initial interstitial oxygen concentra- 
tion and Cj the sohd solubility concentration of oxygen at 
the wafer surface, Eq. (105) gives the solution''*' 



C„^(x,0 = C^+(Co-CJerf 



(106) 



expressing C^yiix,t) as a function of the position x with re- 
spect to the wafer surface and of time f . Using for and D 
the values suggested by Andrews,''*' i.e., 

Cox(j<:,f)=l-63X10^' exp(-ll 973/2") (cm~^). (107) 

and 

i) = 0.17 exp(-29449/T) (cm^s"^'), (108) 
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no. 96. Inteistitial oxygen profiles as a function of depth for diBerent first-step annealing times (maiked on the carves in hour units): (a) Co=7X10" 
ztomsica?, T=1050°C: (b) Co=8X10" atoms/cm^ 7'=U00°C; (c) Co=10X10" atoms/cm', r=1000°C; (d) Co=llX10" atoms/cm', 
r= 1 200 °C (firom Ref. 442). 
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FIG. 97. "Ibtal intetstitial oxygen removed per cnr' area from a silicon wafer 
AC„ as a fiinctioii of temperature of the 5 h first-step annealing for various 
inidal oxygen contents (mariked on the curves in lO" atoms/cm^ units) 
(from Ref: 442). 



it is possible to obtain a family of different interstitial oxygen 
concentration profiles for various times of the high- 
temperature first amiealing step. Figures 96(a)-96(d) report 
the families of interstitial oxygen profiles as a function of the 
depth X for initial oxygen content of 7, 8, 10, and IIXIO" 
atoms/cm'^, respectively, and for different temperatures.'^'^ To 
optimize the first step of the annealing cycle it is necessary to 
find, for a given initiaJ oxygen concentration, the tempera- 
ture and annealing time corresponding to the maximum 
quantity of interstitial oxygen removed from the silicon wa- 
fer by out-diBusion. The total quantity Q of oxygen removed 
from 1 cm*^ of surface area of the wafer can be calculated by 
integrating the difference between the initial oxygen content 
Cq and the oxygen concentration C„^{x,t) givea in Eq. 
(106), 



2= lCQ~C^^{x,t)]dx 
Jo 

= (Co-Cj/;erfc(^)^.. (1Q9) 
obtaining 

e = 2( — 1 (Co-C,) (cm--). ; _ (110) 

A plot of (2 as a function of the annealing temperature for 5 

h denuding time, calculated from Eq. (110) by Villa and 
Paciaroni,'**^ is shown in Fig. 97 for various initial interstitial 
oxygen concentrations. The competition effect between oxy- 
gen diffusivity and solubility at different temperatures causes 
a maximum in Q. From the figure the best temperature for 
oxygen removal can be easily found for the different values 
of initial oxygen content. 

Temperature and duration of the first-step annealing de- 
termine the DZ width (DZW). From experimental data fitting 
the following general analytical expression for DZW depen- 
dence on the duration of the first annealing has been 
found:*"-^'-'"^ 

DZW=^A + B^Jt, (HI) 



TABLE xm. Snmmary of experimental data of denuded zone width. (DZWl 
as a function of first annealing temperature T and time /, nucleation anneal- 
ing conditions N, precipitation annealing conditions P, and initial interstitial 
oxygen content C„^. 
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where A and B are constants. A summary of experimental 
data of DZW as a fimction of different thermal treatments is 
reported in Table XHI.'*^ 

The second step is the most important one for the IG and 
has to be performed at low temperatore (650-950 °C) before 
device fabrication. The high efficiency of this low- 
temperature annealing in generating the precipitation nuclei 
is clearly evident from the dependence of the nucleation rate 
J on the degree of supersaturation a-f"^^ Considering the 
mole fraction of interstitial oxygen in the sUicoa crystal 
^ox'=N^oA^o>L+Ns{), where is the number of oxygen 
moles dissolved in a silicon wafer of Ngi moles, and the mole 
fraction corresponding to saturation X*^, a is defined as 




(112) 



ox. 
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As proposed by Ataka and Ogawa,''^^ 



(113) 



where ^ is a constant depending on the thermodynamic con- 
ditions of the silicon crystal and 7 is a constant related to the 
number of oxygen atoms included in the nuclei, cr being 
inversely proportional to the temperature, J becomes higher 
if the temperature is decreased. At the low temperatures that 
are adequate for nucleation, no significant oxygen diffusion 
occurs, since the oxygen diffusion coefficient D is very 
small. On the contrary, at high temperatures the nucleation 
rate is negligible (cr=0), while oxygen diffusion is favored 
so that the growth of the nuclei previously formed can take 
place; 

A more detailed description of nucleation can be given 
considering that the nucleation annealing is usually per- 
formed for such times that Eq. (30) holds, i.e., the saturation 
regime has not yet been reached (see Sec. EI A and Figs. 
19-22 therein). On the basis of this equation and looking at 
Fig. 19(c), the existence of an optimum temperature, range 
for nucleation can be evidenced. If the interstitial oxygen 
concentration is varied from 6 to 20X10*' atoms/cm^ the 
optimum nucleation temperature ranges from 650 to 950 °C. 
In particular, for the C^^ of the wafers used for technological 
applications, typically from 6 to 8.5X10" atoms/cm'', the 
annealing temperature corresponding to the maximum nucle- 
ation rate is between 650 and 800 °C. At lower and higher 
temperatures the number of generated nuclei is alrhost neg- 
ligible. 

The third annealing step at high temperature (precipita- 
tion anneaUng) is responsible for the precipitate growth. The 
nuclei formed during the previous step increase their size 
with . the concomitane growth of oxide precipitates, thus re- 
ducing the interstitial oxygen concentration in the surround- 
ing regions of the crystal. The radius of the precipitates 
strongly depends on the annealing temperature (D is a fimc- 
tion of temperature), on the interstitial oxygen content, on 
the aimealing time, and on the precipitation rate 1/r, as dis- 
cussed above [see Sec. Ill B and Eq. (76)]. Since the inter- 
stitial oxygen concentration C^x is not constant along the 
wafer depth due to the first out-difFusion step, the distribu- 
tion of precipitates is also expected to vary as a function of 
depth. In particular the region near the surface is expected to 
be precipitate free, while the bulk region is precipitate rich. 
The separation between surface and bulk regions is not 
sharp, but a wide transition layer forms. 

The profile of the precipitated oxygen distribution in the 
silicon wafer as a function of depth can be evaluated on the 
basis of the interstitial oxygen depth profile Cox(x) obtained 
during the outdiffusion annealiog (first step) and taking into 
account the results illusfrated in Sec. HI B. Considering Eq. 
(62) and assuming Z=0, Eq. (65) can be rewritten as 



K=DN^ 



4 

3^ 



-c 



1/3 



(114) 



Given the conditions of the precipitation annealing, all pa- 
rameters entering Eq. (114) are determined, and N can be 
evaluated from the relation A^=/Vci- Th^ nucleation rate J 
is a function of temperature and interstitial oxygen concen- 



o ^ 
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FIG. 98. Precipitated oxygen profiles as a function of depth for different 
temperatures of the 8 h nucleation annealing. Precipitation annealing is per- 
formed at ibOO °C for 10 h (from ReE 444). 



tration, as discussed in Sec. IH A, and its value for the nucle- 
ation temperature and the C^^ of interest can be found from 
Fig. 19(c). Therefore, from the CoxCx) profile a K{x) profile 
is obtained. Then, through Eq. (64), the quantity K(x)t^^^, 
where is the duration of the precipitation annealing, can 
be related to the precipitated oxygen concentration 
AC<,^=l-[(C„-C')/(Co"C')] [see Fig. 31(b)]. TTie 
depth distribution of precipitated oxygen AC^J^x) is there- 
fore determined. As an example. Fig. 98 shows such profiles 
for silicon crystals subjected to a 10 h precipitation aimealing 
performed at 1000 °C after an 8 h nucleation annealing at 
650, 730, or 800 °C. From this figure the importance of the 
nucleation annealing for the final profile of precipitated oxy- 
gen is evident. 

D. Influence of precipitation on device yield: Some 
examples 

A detailed study of the yield of bipolar, CMOS, and 
charge-coupled-device (CCD) devices as a function of. oxy- 
gen precipitation was performed by Jastrzebski et aL^^^ Their 
work clearly shows that IG obtained during typical bipolar, 
CMOS, and CCD processes can be successfully used to im- 
prove the device yield. The best gettering efficiency is 
achieved for a certain amount of precipitated oxygen. Figure 
99 shows the efficiency of internal gettering during the bipo- 
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HG. 99. .Efficiency of IG as a function of the amount of precipitated oxy- 
gen. The contributions of vatious .mechanisms are indicated (froin Ref. 158). 
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FIG. 101. Thermal cycles used to fiibricate the (a) bipolar and (b) DMOS 
devices studied in Ref. 444. 



lar, CMOS, and CCD processes (simulated by the thermal 
cycles iUustrated in Fig. 100), expressed through the normal- 
ized yield as a function of the amount of precipitated oxygen. 
Initially, the gettering efficiency increases with the amount of 
precipitated oxygen. This is related to the increase of the 
number of gettering sites; the decrease of gettering efficiency 
found for higher amounts of precipitated oxygen is due in- 
stead to different phenomena, shown in Fig. 99. In the wafers 
subjected to the simulated bipolar process the maximum get- 
tering efficiency is reached for 10 ppm of precipitated oxy- 
gen, while a decrease of the gettering efficiency is found for 
higher concentrations, mostly due to the precipitate morphol- 
■ Ogy. In fact, in the case of low oxygen precipitation a low 
density of large stacking faults (which have been found to be 
the most efficient gettering centers for bipolar process) was 
observed. When the precipitated oxygen is more than 10 ppm 
high densities of small precipitates and stacking faults are 
usually observed (thus irfeducihg the gettering efficiency). 

The CMOS devices are less sensitive to contaminations 
than bipolar circuits. The optimum concentration of precipi- 
tated oxygen for internal gettering is 16 ppm, induced by the 
high-temperature treatment during CMOS process. Any at- 
tempt to increase the concentration of oxide precipitates by 
wafer preaimeaiing prior to CMOS process results in a yield 
reduction. The reduction is mainly caused by the increase of 
residual defects close to the surface, which worsen the device 
performances. The best yield results are obtained with 28—32 
ppm of initial interstitial oxygen concentration. The authors 
found that wafers with the same initial oxygen content sup- 
plied by different vendors show large differences in the 
amount of precipitated oxygen and attributed this effect to 
differences in the number of nucleation centers for oxide 
precipitates. 



The performances of CCD are more affected by crystal- 
lographic defects than those of bipolar circuits and CMOS. 
Defects producing a recombination current of a few tenths of 
pA are observable as white or black spots in the display. The 
concentration of precipitated oxygen which gives the maxi- 
mum yield after a CCD process is about 14 ppm. An addi- 
tional three-step preheating is necessary (1100 °C for 3 h, 
650 °C for 10 h, and 1100 °C for 4 h). The wafers that give 
the best results contain 28-31 ppm of initial interstitial oxy- 
gen. The increase of the amount of precipitated oxygen does 
not improve the yield, due to the presence of residual defects 
in the surface region, to the local reduction of mechanical 
strength, to the generation of dislocations, to the wafer 
waipage, and to slip formation. 

Interesting results regarding the correlation between 
oxygen precipitation in sihcon wafer substrates and device 
yield [for smart power bipolar and double diffused MOS 
(DMOS) devices] are illustrated by Villa and Paciaroni.''^- 
The devices were fabricated on 15-/im-tbick epitaxial layers 
grown on substrates with interstitial oxygen concentration 
ranging from 6 to 8.5 XlO'^ atoms/cm^. The wafers were 
grouped in five sets, each one covering approximatively a 
0.5 XlO'^ atoms/cm^ C^^ range. The thermal cycles used to 
produce the bipolar and DMOS devices are reported in Figs. 
101(a) and 101(b), respectively. The parameters used to 
evaluate the device yield were (i.e., the current circulat- 
ing between collector and emitter with open basis) for bipo- 
lar transistors and Iq^s (i-^-. the current circulating between 
drain and short-circuited gate and source) for DMOS de- 
vices. IcEg is required to be less than 10 f^A when a 20 V 
voltage is applied between emitter and collector, while /pgs 
is required to be less than 10 jjA when a 60 V voltage is 
applied between the drain and the short-circuited gate and 
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FIG. 102. Nonualized yield of (a) bipolar and (b) DMOS devices as a 
foncfion of initial oxygen content in tlic substrates. Tba data labeled MCz 
refer to devices created on MCz substrates (firom Ref. 444). 



source. The aormalized yield for bipolar and DMOS devices" 
fabricated on each group of wafers without any DZ treatment 
is reported in Figs. 102(a) and 102(b) respectively, as a func- 
tion of initial . The decrease of the device yield by in- 
creasing the interstitial oxygen content of the wafers is 
clearly evidenced for both types of device. This effect is 
probably due to the increase of defects such as stacking 
faults which are generated in the bulk of oxygen-rich wafers 
and reach the epitaxial layer. There they originate pipes caus- 
ing device failure. 

Using wafers obtained from MCz ingots as substrates 
(i.e., wafers with a very low oxygen content, 3-5X10'' 
atoms/cm-'), the device yield is strongly reduced (see Fig. 
102).''^ This means that a particular C^^ value corresponding 
to the maximum device yield exists (in this case it is about 
6.5X10" atoms/cm^). The reduction of yield for devices fab- 
ricated on MCz wafers is probably due to the large warpage 
observed in such wafers, related to their low [see Sec. 
V A]. In fact, warpage is extremely critical in processes re- 
quiring a lot of masking and alignment procedures. 
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